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ABSTRACT
Tissue-engineered nerve guides can provide mechanical support as well as biochemical
stimulation for nerve regeneration. PC12 cells and rat cortical neurons were used to test
poly(caprolactone) (PCL), collagenous microcarriers (CultiSphers), and a novel composite of the
two materials as an initial step in the fabrication of multi-channeled nerve guides. PC12 cells
were found to attach, proliferate and differentiate on laminin-coated PCL and on CultiSphers.
When the initial concentration of PC12 cells was increased, the percentage of CultiSphers with
cells attached increased as well. Changing the cell culture conditions from static to dynamic,
however, had the opposite effect on cell attachment. A composite fabricated with PCL and
CultiSphers has superior handling properties compared to PCL alone, as well as the capacity to
support PC12 cell attachment and proliferation. The smooth composite surface also supports the
attachment and extension of neurites from rat cortical neurons. While the composite allows
random neurite extension, PCL with 10 micron grooves influences the directionality of neurite
outgrowth of both PC12 cells and rat cortical neurons. Thus, PCL coated with laminin and
collagen-based CultiSphers both provide substrates for cells to attach, proliferate and
differentiate. Individually, however, these materials may not be ideal for nerve regeneration. A
novel PCL/CultiSpher composite material has superior mechanical properties and the ability to
support cellular attachment and differentiation. Furthermore, the composite may be utilized to
fabricate a multicomponent grooved nerve guide for use in nerve regeneration.
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INTRODUCTION
The central and peripheral nervous systems of the human body work in concert to
respond to environmental stimuli. The central nervous system, consisting of the brain and spinal
cord, must process all signals from the nerves of both the central and peripheral nervous system.
These signals are passed from cell to cell within a signaling pathway via action potentials. The
interconnected network of signaling pathways is sensitive to damage. If minimal damage of the
pathway occurs in the peripheral nervous system, the neurons are capable of renewal and repair.
However, major damage to the peripheral nervous system or the central nervous system results in
the incapacitation of the pathway.
Thousands of lives are affected each year by such a loss of neuronal function, as a
consequence of disease onset or severe injury to the neuronal pathways of the central or
peripheral nervous system. Failure to restore nerve function can lead to a loss of muscle
function, impaired sensory response, and pain. Current treatments for neuronal injuries include
autografts, allografts, and surgical suturing techniques. Although these methods are effective in
some regards, they are not sufficient for major nerve damage. The field of tissue engineering is
attempting to generate alternative replacement therapies.
Research in nerve tissue engineering is presently focused on developing supports for
severed neurons and replacements for lost neurons. The fabrication of non-viable materials,
intended to interact with biological systems can reduce the number of invasive surgical
procedures and enhance neuronal repair as compared to autografts. Microcarriers or synthetic
polymer tubes could promote the regeneration of the injured nerve. CultiSphers are one type of
macroporous microcarriers that could be used in a nerve wound. These three-dimensional
collagen-based beads could fill a nerve gap and deliver neural cells to the area.

Alternatively,
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synthetic materials could be used as a bridge for connecting the severed ends of a nerve.
Silicone, poly(pyrrole), poly(lactic-co-glycolic acid), and poly(caprolactone) are some of the
materials that have been tested for such purposes [1-4]. Modifications to a biomaterial, such as
poly(caprolactone), may enhance its applicability in nerve regeneration. The addition of
adhesive molecules and physical cues, such as a grooved surface, could provide the necessary
guidance for the extension of neurites. Through the use of these biomaterials and with the
addition of biological molecules and physical guides, cellular regeneration at the site of nerve
injury could restore the neuronal signaling pathway and allow for augmented nervous system
function. The goal of my project was to use PC12 cells and rat cortical neurons to determine
whether collagenous microcarriers and poly(caprolactone) would prove to be useful in nerve
tissue engineering.
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BACKGROUND
Nervous System
Cells of the nervous system
The entire human body consists of a total of 100 to 1000 billion nerve cells, with over
1011 neurons in the central nervous system (CNS). Nerve cells are derived from neural stem
cells. Multipotent neural stem cells can generate neural tissue, have the capacity to self-renew,
and can give rise to cells other than themselves. As neural stem cells differentiate, they become
committed to a neuronal or glial lineage and have decreased proliferative potential. These
multipotent cells, now categorized as neural progenitor cells, have the ability to differentiate into
neurons and glia [5].
Neurons are the cells that are capable of receiving different types of environment cues
and sending these signals via action potential to the brain for processing. They are also
responsible for sending signals from the brain to an area of the body to produce the response.
The sensory, or afferent, neurons have sensory receptors that receive impulses and relay them
toward the brain or spinal cord in the form of electrical signals. The motor, or efferent, neurons
relay chemical signals from the brain or spinal cord to the effectors. The impulse is first received
by the sensory receptors on the dendrites of a sensory neuron and it triggers the induction of an
electrical signal. The depolarization of the dendrite then sends the signal to the soma of the
neuron. From the soma, the impulse is transmitted down the nerve’s axon in the form of a
sodium-driven action potential. At the end of the axon the electrical signal must be translated
into chemical signals (neurotransmitter molecules) that are capable of crossing a synapse (gap
between two neurons). The neurotransmitters interact with receptors on the dendrite’s cell

3

membrane and relay the signal to the next neuron. It is the alternating of chemical and electrical
forms of the signal that allows the message to be passed on to the brain and then the effector.
While there are billions of cells in the nervous system that have differentiated from neural
stem cells to neural progenitor cells, and have terminally differentiated into neurons, other neural
progenitor cells become glial cells. Constituting approximately half of the volume of the CNS,
glial cells are the support cells that are intimately associated with the neurons. The four main
functions of glial cells are to surround neurons and hold them in place, to supply nutrients and
oxygen to neurons, to insulate one neuron from another, and to destroy and remove dead neurons
[6]. The broad category of glial cells can be subdivided into four cell types: Schwann cells,
astrocytes, microglia, and oligodendrocytes.
Schwann cells are the supporting cells of the peripheral nervous system (PNS), producing
single segments of myelin sheath around axons of individual neurons. It is this sheath that serves
as a protective vise for axonal extensions. Schwann cells also aid in the guidance of regrowing
axons, by serving as a physical framework and providing molecules for cell adhesion. As a
source of trophic factors for regeneration, Schwann cells stimulate neuronal outgrowth.
Furthermore, Schwann cells participate in the removing dead cells from damaged neural
pathways. With their protective, supportive, and inductive properties, these cells could be
important in tissue engineering [7, 8].
Three cell types in the central nervous system, oligodendrocytes, astrocytes, and
microglia, perform the functional roles fulfilled by the Schwann cells in the PNS.
Oligodendrocytes form the protective segments of myelin sheath around the axons. Unlike
Schwann cells, however, oligodendrocytes can work on several axons simultaneously. The
efficiency of oligodendrocytes decreases the need for an excess of these cells in the CNS.
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Astrocytes provide the physical support to neurons of the CNS, forming a matrix to keep cells in
place, performing phagocytosis, and providing nourishment [9]. With increasing glial fibrillary
acidic protein (GFAP), reactive astrocytes proliferate and migrate to the site of injury to preserve
the integrity of the host tissue [9, 10]. The smallest glial cells, microglia, act as phagocytes and
macrophages to remove damaged myelin [6]. The elimination of CNS debris and invasive
microorganisms helps to protect the integrity of the brain and spinal cord.

Attachment of cells
The neurons and glial cells of both the central and peripheral nervous systems attach to
the extracellular matrix (ECM) molecules that exist in their environment. The extracellular
matrix influences the morphology, migration, proliferation and phenotypic expression of the
cells [11]. It is the level of affinity of the neuronal cells to the ECM that determines the rate of
cellular migration. Some of the ECM molecules that the neurons interact with are collagen,
laminin, and fibronectin.

These three prevalent matrix molecules are localized in the

endonerium and basal membrane of peripheral nerves, and function in the guidance and
elongation of cellular extensions in vivo and in vitro [12].
Synthesized by Schwann cells, laminin is present in the basal lamina of neurons, the
perineurium, and blood vessels in the endoneurium [13]. Collagen is also a component of the
extracellular matrix produced by Schwann cells, is present in the basal lamina of neurons, and is
involved in nerve growth. In addition to laminin and collagen, fibronectin functions in axonal
growth and cell migration, but is more diffusely distributed within the nervous system. These
three matrix molecules support the extension of neurites (neuronal extensions that may develop
into dendrites or axons) of the PNS [14]. In contrast, CNS neurons extend on and are supported
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by surfaces with laminin, but not fibronectin or collagen [15]. As laminin is important in both
nervous systems, it can be presumed that the expression and specificity of laminin receptors on
neuronal cells must be tightly regulated.
The differential regulation of laminin receptors on the cell surface and the pattern of
laminin within the ECM guide the extending neurites to their target locations. Neural cells, such
as dorsal root ganglia cells (DRGs) and CNS neurons, and neural-like pheochromocytoma cells
(PC12 cells), contain two membrane proteins that specifically bind to laminin with high affinity
[15]. These proteins on the cell surface, especially in the portion of the cell that is extending
away from the cell body, form temporary complexes with the laminin in the environment. By
controlling the expression of these membrane proteins, the affinity of the cells to the ECM can
be modified. Along with the laminin binding proteins contributing to the extension of neurites,
laminin also helps to determine the direction of those extensions. By injecting both laminin and
neurons into various brain regions, it was found that laminin could guide neurite outgrowth to
target tissues during development [16].

This extension of neurites is important in the

morphogenesis and differentiation of the nervous system, resulting in neuronal signaling
pathways.

Signaling for cells
Along with the relationship between the molecules of the extracellular matrix and the
membrane proteins on the neuronal cells, neurotrophic factors in the environment can stimulate
the extension of neurites. Some of the growth factors that promote the survival of the neuronal
cells and induce axon regrowth and branching include: nerve growth factor (NGF), brain derived
neurotrophic factor (BDNF), and neurotrophin-3 [7]. Astrocytes, oligodendrocytes, and neurons
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synthesize additional factors besides those belonging to the NGF family, such as factors from the
fibroblast growth factor (FGF), transforming growth factor (TGF), and insulin-like growth factor
(IGF) families, that contribute directly to neuronal survival and indirectly to regenerating axons
via nonneuronal cells [10].
Despite the presence of numerous growth factors that aid in the survival and development
of the neuronal cells, NGF has the greatest effect on the growth of neuronal extensions [7].
During the early stages of development, a high level of NGF is localized in the basal forebrain
where it becomes the major target for neurite extension and supports the development of neurons
[17]. After the initial stages of neuronal development the levels of NGF decline, only to increase
again during adulthood for the maintenance of mature neurons. After the restoration of NGF
levels in the adult brain, the physiological levels of NGF are 1300fg/mg in the hippocampus,
750fg/mg in the neocortex, and 660fg/mg in the basal forebrain. Similar its role in development,
nerve growth factor performs a similar function in regeneration. Receptors for NGF concentrate
in the tip of the extending neurite, or growth cone, as a mechanism for sensing the environmental
cues. The receptors bind NGF at the growth cone and trigger a signal transduction event within
the cell. This signaling pathway inhibits programmed cell death and induces the extension of
neurites, aiding in the growth of developing or injured nerves [7].

Neurite Outgrowth- Consequent of ECM and Signaling
As a consequence of the extracellular matrix interactions and the signaling from a variety
of growth factors, neurites extend out from the nerve cell body, or soma. On the distal end of
these extensions are growth cones that respond to the ECM and the growth factors. Upon nerve
injury the intracellular calcium levels increase dramatically [18]. The internal calcium must
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return to resting levels prior to the initial formation of a growth cone. The motility of this
growth cone is then dependent on a coordinated sequence of adhesion, detachment, and
readhesion steps. The point contacts that exist within the growth cone interact with the
extracellular matrix. As the receptors on the cone sense a chemotactic signal (such as a growth
factor) some of the membrane receptors involved in the temporary attachment are endocytosed.
This is done in an effort to decrease the affinity of the growth cone to its present location,
through the loss of matrix to cell interactions. As the affinity in that specific region decreases,
the point contacts no longer interact with the matrix molecules and the cone becomes detached
[19]. The point contacts can then reattach to a different region of the matrix. It is therefore the
dynamic, rapid regulation of the membrane proteins of the point contacts that produce transient
attachment in response to environmental influences.
The interaction of point contacts of growth cones with the ECM depends on the
specificity of the adhesive integrins of the cells. Integrins are membrane proteins that associate
with molecules such as laminin. PC12 cells for instance have a1b1 and a3b1 integrins in the point
contacts that recognize and bind to laminin [20]. Another integrin molecule, a5b1, is a
functionally adhesive molecule in both PC12 cells and rat dorsal root ganglia growth cones [21].
All three of these integrins interact with the molecules of the extracellular matrix and have
consequential effects on the cytoskeletal and membrane associated protein arrangements.
The other major contributor to neurite adhesion and growth is the family of cell adhesion
molecules (CAMs), specifically the Ig and cadherin superfamilies. Two members of the Ig
superfamily, neural cell adhesion molecule (NCAM) and L1, along with N-cadherin from the
cadherin superfamily, are important in axonal growth [22, 23]. L1, the homologue of neuronglia cell adhesion molecule, can heterophilically interact with integrins on the neuronal cells,
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while NCAMs function in homophilic and heterophilic binding interactions. This exemplifies
that both homophilic and heterophilic interactions of the CAMs with molecules of the
extracellular matrix and membrane proteins on the surface of other cells (such as integrins or
other CAMs) assist in neurite extension.
While the presence of membrane proteins determines the amount of growth cone
attachment, the force that drives the extension of the neurites is actin remodeling. The activation
of receptors on the cell surface can directly alter the activity of Rho GTPases (Rac, RhoA),
which are regulators of actin polymerization. A localized signaling pathway thereby induces
actin monomers to polymerize on the leading edge of the growth cone, forming point contacts.
As the monomers move forward to form new actin polymers, the previously polymerized actin
moves away from the leading edge and depolymerizes. The flow of actin monomers to the
leading edge and actin polymers to the trailing edge creates the driving force for growth cone
extension. This force is combined with the adhesive properties of the growth cone by vinculin.
Vinculin links the newly formed actin polymers at the leading edge to membrane proteins such
as integrins and NCAMs [19]. By stabilizing the transmembrane interaction, vinculin is essential
for neurite extension.
Overall, the growth cones at the distal ends of neurite extensions are influenced by the
extracellular matrix and growth factors. Integrins and cell adhesion molecules, along with actin
reorganization, contribute to the attachment, elongation, and migration on the matrix in response
to the growth cues.

This multicomponent system functions both in normal neuronal

development, as well as during the regrowth/ regeneration of damaged nerves.
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Regeneration and the Inhibition of Regeneration
Nerve injuries in the central or peripheral nervous system are difficult to repair. The
matrix molecules and the signaling factors that are involved in generating the nervous system are
also necessary for the regeneration of nerves. The nerves of the spinal cord or brain (the CNS)
will not completely regenerate, partially due to the absence of the necessary
neurotrophic/neurite-growth promoting factors [25]. Additionally, several hours after the onset
of an injury to the central nervous system, macrophages from the blood and microglia from the
brain tissue migrate to the injury site to remove the dead cells. Cytokines are released to signal
these astrocytes and microglia to proliferate and migrate. The oligodendrocyte precursors and
the astrocytes then collect in the nerve gap [6]. Without the proper amount of growth factors and
extracellular matrix the cells form a disordered mass. A glial scar, consisting of these
disorganized cells, can form a physical barrier that the regenerating axons cannot penetrate. The
dense web of interlacing glial processes that form in the gap of a severed axon is considered the
major impediment to CNS regeneration [9,10]]. Following the initiation of glial scar production,
NGF, PDGF, and bFGFs are overproduced in response to upregulated epidermal growth factor
receptors [9]. The growth factors then stimulate the reactive astrocytes to form a permanent scar.
The cells of the glial scar create not only a physical barrier, but they also secrete
inhibitory molecules. Oligodendrocytes produce myelin-associated glycoproteins (MAGs),
while neurocan, veriscan, decorin, and tenascin, are some of the inhibitory factors secreted by
astrocytes. Proteoglycans, such as chondroitin sulphate proteoglycans (CSPGs), are produced by
both oligodendrocytes and astrocytes [6]. The exact mechanisms for the inhibition of neuronal
regrowth by most of the listed proteins have not been determined. However, the basic regulatory
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pathway of MAG has been elucidated. By elevating the level of cAMP, the production of
ArginaseI is upregulated resulting in the synthesis of polyamines. The polyamines produced
may allow the extension of regenerating neurites by inhibiting MAG [26].
Unlike the CNS, the cells involved in wound healing in the PNS secrete various peptide
growth factors, such as NGF and bFGF, to stimulate cell survival and neurite outgrowth [17].
Other proteins that are induced following a nerve wound are the main components of the ECM:
laminin, fibronectin, and collagen. The induction of these ECM components leads to a
reorganization of the basal lamina surrounding the lesion-induced blood vessels in the PNS[10].
The limitation on regeneration of the neurons of the PNS is the length of the gap, or the distance
between the proximal and distal stumps of the severed nerve [24]. If the gap is too large the
signaling molecules diffuse before they get to the distal end of the segment resulting in the loss
of directionality for the growing axon and incomplete reinnervation of the severed nerve. The
diffused signals also cause the growing axon to have increased branching, creating a mass of
short branches of axons, or a neuroma. The maximum length, or gap size, that allows natural
PNS regeneration is less than 4mm in mice, less than 10mm in rats and less than 30mm humans
[8, 12].
While nerves may fully regenerate in the PNS if the nerve is not damaged beyond the
critical gap length, large wounds in the PNS and any nerve injury in the CNS will not regenerate.
Interestingly, if CNS neurons are placed in an environment that contains the correct positive
growth factors, without the inhibitory cues, they have the capacity to regrow. This finding by
David et al. provides encouragement in the potential for researchers to modify the environment
at the site of the CNS injury as a treatment for nerve regeneration [27]. Unfortunately, even if we
suppress the inhibitory factors it is not enough for complete regeneration. The glial scar still
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creates an impenetrable wall. One promising treatment to combat the glial scar in the CNS and
large nerve wounds in the PNS is to create a nerve guide that protects the nerve ends and aids in
regeneration.

Tissue Engineering
Main Aspects
Annually in the United States, eight million surgical procedures are performed to treat
organ and tissue deficiencies, including damage to nerves of the peripheral or central nervous
system [7]. Every year between 7,600 and 10,000 spinal cord injuries are reported in the US
alone [28]. The failure of nerves to regenerate on their own can result in the loss of muscle
function, impaired sensation, and pain. The ultimate goal of nerve tissue engineering is to use
materials to stimulate a cellular response that will achieve the restoration or compensation of
neural function.
The simplest method for nerve repair is the direct suturing of the proximal and distal
segments of the nerve. Despite its resounding success, this method is limited to injuries with
minimal gap lengths [29]. When the retraction of the severed nerve creates a gap that is too large
for direct suturing, autografts, or allografts can be applied [24]. While the application of
autologous nerve grafts is the current gold standard for nerve regeneration, this technique
continues to have some insufficiencies. Nerve autograft operations consist of the removal of a
nerve from one region of the patient’s body, and the transplantation of that nerve into the injury
site of the same patient. Using the same individual as the donor and recipient reduces the threat
of rejection, but a potential difference in the size and structure of the nerve may still result in
inadequate repair of the nerve. The limit on the availability of nerves that can be removed
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without complete loss of function further compounds the difficulties of autograft procedures [7].
The complete functional recovery of the nerve repaired via an autograft is rarely accomplished,
due to these inadequacies. To counter these problems, the replacement of an injured nerve with
another person’s nerve (an allograft) may be performed. These nerves tend to come from
cadaveric donors, with limited time for the harvesting and use of the nerve. Allograft techniques
overcome the size difference and loss of function problems faced when using autologous nerve
grafts, but are limited in their own right. As a consequence of inserting a foreign tissue into the
body, the human immune system rejects the transplant. To stop the rejection and retain the
allograft, the patient must be on lifetime immunosuppressive drugs or the graft must be
chemically decellularized prior to implantation [30-32].
The inadequacies of autografts and allografts in nerve injuries greater than 10mm for rats
and greater than 30mm for humans emphasize the importance of developing a new technique for
severe nerve injuries [8]. Tissue engineers are currently attempting to create biomaterial nerve
guides, or conduits, that can be used for the regeneration of nerves. The biomaterials that are
used are non-viable and are designed for incorporation into the biological system [33].
Ultimately, these guides provide an optimal environment for the regeneration of nerves, while
reducing the number of necessary surgical procedures. The development of such devices could
result in success rates that surpass those of autografts.
A biomaterial nerve guide can be placed at the injury site, with the proximal and distal
nerve stumps at opposite ends of the tube. By creating such a bridge, the invasion of glial scar
tissue into the gap can be prevented and the cells have a support system for migration and
elongation [34]. The regeneration of neural cells by such tissue-engineered systems occurs in
basic stages. Immediately after injury, there is a posttraumatic response followed by the initial
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migration of cells into the tube. As the cells migrate and extend processes, they begin to
differentiate into neuronal and glial cells, and neurites begin to elongate from the neuronal cell
bodies. The final stage of regeneration is the remyelination of the newly generated axons by the
glial cells [35].
To help promote the rapid progress of the basic regeneration stages, the guides can be
specifically modified. These alterations can be made in any or all of the four major components
of the nerve conduits: the scaffold, support cells, growth factors, and an extracellular matrix [7].
Therefore, the conduit can provide both mechanical and biochemical stimuli for neuronal
extensions. The scaffold, support cells and the ECM can physically guide the neurite extensions
within the guide, and insertion of the scaffold also prevents the ingrowth of fibrous tissues [33].
Neurotrophic signals for neurite extension can be released by the scaffold itself and by the distal
stump of the injured nerve. The growth cones on the tips of the neurons migrating from the
proximal end will detect the gradient of trophic signals in the guide and will distinguish their
directionality based on the chemotactic attraction [23, 33]. The conduit concentrates the
signaling molecules that would otherwise diffuse into the large nerve gap and lead to neuroma.
The mass of axonal branching is not sufficient for nerve repair; as it does not provide a direct
axonal extension to the distal nerve stump [33, 36]
Novel nerve guides created with different combinations of the four major components
should possess several common characteristics. The nerve guides should be biocompatible,
specifically noncytotoxic, noncarcinogenic, nonimmunogenic, and nonmutagenic [33].
Flexibility, permeability, and ease of surgical application should also be assessed in the creation
of a nerve guide. Additionally, the conduits should be biodegradable, resulting in the complete
breakdown of the material after a designated time in the host. The rate of such degradation
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should be in accordance with the specific axonal growth rate, allowing adequate time for the use
of the guide as a support structure followed by the slow breakdown of the guide. The site of the
injury, type of species and the age of the species can influence the rate at which the axons will
grow, creating a need for conduits with different degradative properties.

For humans

specifically, after a three-week latency period, peripheral nerve axons within a conduit begin to
regenerate at a speed of approximately 1mm/day, with the first axons entering the distal nerve
stump of a 1cm gap in four to five weeks. In this case the ideal conduit would remain
completely intact for approximately six weeks, followed by complete degradation of the
material.
Numerous characteristics must be combined to be effective for repairs of both peripheral
and central nervous systems. The incorporation of these characteristics can be achieved in many
ways, resulting in a variety of nerve guides. The difficulty of this procedure lies in the creation
of a conduit that is superior in regard to all of the necessary traits. Due to the complexity of
nervous system the strategies for regeneration must be used in different combinations [25].

Scaffolds
As previously mentioned, the material used for conduit fabrication should be
biocompatible and biodegradable. In addition, the guide should inhibit the production of scar
tissue and regulate the directionality of neurite extensions [36]. Both natural and synthetic
materials have been used in an attempt to accommodate all of these requirements. The natural
materials have increased biocompatibility at the expense of eliciting an immune response.
Synthetic materials on the other hand, are more easily altered but may be less compatible within
an in vivo system [37].
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Specific characteristics that have been analyzed for optimal regeneration are the porosity,
wall thickness, flexibility, surface texture and degradation rate of the conduits. Dense, nonporous matrices impede the regeneration of axons presumably by inhibiting nutrient and waste
exchange [12]. In porous conduits, the nutrients and waste diffuse, as do the external growth
factors, while the stimulating signals from the distal stump remain in the guide to enhance
neurite directionality and regenerative capabilities [8, 36-38]. The effectiveness of porous
scaffolds is directly dependent on the size of the pores. If the porosity of the conduit is greater
than 85%, the trophic factors flow out of the conduit and the neurites regrow in random
directions (similar to that of nerve regeneration without a conduit). Conversely, pores that are too
small are not effective for the diffusion wastes or nutrients. An intermediate porosity of 75% is
ideal for diffusion of waste but not the diffusion of large signaling molecules [36].
The dimensions of the internal conduit diameter and the wall thickness should also be
optimized for nerve regeneration. In general, the diameter of the conduit should be large enough
for the neurite to grow with excess room for potential conduit swelling [37]. According to Buti
et al., the tube inner diameter should be two and a half times the diameter of the severed nerve
[24]. A diameter greater than two and a half times the nerve diameter prevents specific cellular
attachment to the matrix, while a smaller diameter has the threat of swelling and compressing the
regenerating neuron. The potential for damage to the nerve by material swelling is also
dependent on the type of material and the thickness of the conduit wall. Materials that have the
chemical properties to absorb water should be used in tubes with wall as thin as 0.25mm, with a
larger diameter to accommodate for potential swelling. The thickness of the wall is inversely
proportional to the potential for material swelling [24, 36]. The determination of the channel
dimensions, internal diameter and wall thickness, is crucial in the fabrication of nerve guides.
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Extending neurites should be able to attach to the surface and grow without the threat of the
channel collapsing.
Flexibility, surface texture, and biodegradation rates should be considered, alongside the
porosity and channel dimensions, when designing guides that contribute to the regenerative
capabilities of injured nerves. More flexible conduits can move with the developing nerve
enhancing the probability that the conduit will remain attached to the nerve until it is degraded.
A stiff guide may not move with the nerve, and could result in the dislodging of the guide from
the injured nerve stump and the prevention of nerve regeneration [39]. Furthermore, the
outgrowth of nerves is prevented if the surface texture of the conduit is rough. In smooth tubes
outgrowth of myelinated and unmyelinated axons is promoted, whereas disorganized cells of the
connective tissue invade the rough conduits [7, 40]. Another contributing factor, as mentioned
previously, is the rate of degradation of biomaterial degradation. If the guide resorbs too
quickly, the conditions may not be ideal for regeneration. As degradation is associated with an
uptake of water, rapidly degrading guides may swell and compress the extending neurite [41].
Therefore the guide should be flexible and smooth, with a degradation rate that minimizes
swelling during degradation.

Types of guides
A large variety of nerve guides have been created to aid in the regeneration of severed
axons. Both synthetic and natural materials have been analyzed for potential use in vivo. Some
of the specific types of guides that have been evaluated include silicone, poly(pyrrole),
poly(lactic-co-glycolic acid), poly(caprolactone), poly(phosphoester), poly(3-hydroxybutyrate),
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and poly(organo/phosphazene) [1-4, 42-44]. Materials frequently used in the production of
nerve guides are silicone, poly(pyrrole), poly(glycolic acid), and poly(caprolactone).
Both silicone and poly(pyrrole) have shown limited promise for nerve tissue engineering.
Silicone was one of the first types of material to be used for nerve guides. It is a permissive
guide for axonal elongation if the gap length is minimal and cytokines are released from the
distal stump [1, 45]. To stimulate the growth of neurites biodegradable microspheres containing
NGF can be added to the silicone guides [46]. Another method used to enhance neurite
outgrowth within silicone guides is to add gels of extracellular matrix molecules to the internal
channels of the guides [47]. Such modifications to the silicone guides increase neurite
outgrowth. However, despite these promising observations, some components of silicone guides
remain problematic for in vivo functionality [46, 47], including the lack of porosity and the
potential for swelling, along with the fact that silicone guides are non-degradable. To use such a
guide may require a second surgery for the removal of the guide if the material is causing
problems within the body.
Poly(pyrrole) is another type of material that has been used in the fabrication of nerve
guides [2, 48]. The electrochemical properties of this material can be used to stimulate the
proliferation and differentiation of neural cells for regenerative purposes. Poly(pyrrole) is a
polycationic electronic conductor that can be fabricated electrochemically into thin or thick films
that are not cytotoxic and have the potential to be modified with ECM molecules [2, 48]. In
peripheral nerve injury in the rat, poly(pyrrole) can be implanted into the injury site; however,
the host immune system develops an inflammatory response against the foreign substrate.
Additionally, after 14 weeks in vivo, the conduit structure does not show any signs of
degradation [2]. Synthesized composites of hyaluronic acid and poly(pyrrole) eliminate the
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inflammation response, but the removal of the guide continues to demand multiple surgical
procedures [49].
Unlike silicone and poly(pyrrole), biodegradable materials would abolish the necessity
for post-regeneration removal procedures.

Low molecular weight polymers have rapid

degradation rates, at the expense of the strength and toughness of the material [42]. Two
polymers, poly(glycolic acid) (PGA) and poly(lactic-co-glycolic acid) (PLGA), have been
clinically used as a direct result of these properties. These materials can be used as temporary
guides for nerve regeneration or as sutures [8, 50]. Poly(glycolic acid) (PGA) conduits, for
example, have been used in nerve gaps in the cerebral parenchyma of the brain and transections
of the sciatic nerve [3, 51]. While these quickly degrading and flexible materials are ideal for
rapid nerve repair, these same characteristics are self-limiting in that the conduits begin to
fracture and collapse on the newly regenerated nerve after a short amount of time [7]. As an
alternative substrate, crystalline poly(L-lactic acid) (PLLA) conduits were examined. The
flexibility of the conduit is lost with the PLLA, as this cystalline polymer is stiff and strong [52].
Although these materials degrade, unlike the silicone and poly(pyrrole), the rate of degradation
and the flexibility of the PGA, PLGA and PLLA conduits are not ideal for extensive nerve
damage, but they may be used for minor injuries [53].
The semi-crystalline structure of poly(caprolactone) (PCL) and its slower rate of
degradation, as compared to the rapid breakdown of the random chains in PLGA, suggest the
potential use of PCL in nerve regeneration [54]. The degradation of this aliphatic polyester is
dependent on hydrolytic ester cleavage and weight loss by free radicals within the in vivo system
[55-57]. This two-step degradative process allows the slowly regenerating nerves of the human
body time to extend the gap and mature for one year before the guide dissolves into the
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environment. PCL conduits can be modified, by adding extracellular matrix molecules or
fabricating guides with increased porosity, to enhance nerve survival and extension [54, 58].
This material has been FDA approved for use in contraceptive devices, drug delivery, and
sutures, and may be used in clinical trials. With PCL’s degradation rate, capabilities for
modification and FDA approval, this material appears to be promising for nerve tissue
engineering.

Extracellular matrix molecules
Nerve regeneration requires the attachment of cells, cellular migration and neurite
outgrowth. The use of extracellular matrix molecules can enhance these cellular functions on a
variety of biomaterials by stimulating interactions with the receptors on the cell surface. Nerve
guides made of extracellular matrix molecules, coated with extracellular matrix or other adhesive
molecules can increase nerve regeneration, as mentioned when discussing specific types of
materials.
Although it does not resemble cell matrix molecules, poly-D-lysine is a common
substrate for neural cell culturing and cellular adhesion. It is used for preliminary analysis of
cellular attachment because of its efficacy and economy [59]. Rat hippocampal somae were
found to specifically attach to areas of polylysine coated glass coverslips over areas without
polylysine [60]. Following preliminary studies with lysine, neural cell attachment and extension
should be tested with molecules such as laminin, collagen, and fibronectin.
Neurons preferentially grow on laminin, as compared to fibronectin and collagen, as
laminin is the major component of Schwann cell basal lamina [36]. Laminin treated materials
have higher levels of cellular attachment but do not specifically instruct the cells during
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development [61]. Different materials, such as silicone and poly(L-lactide), have been coated
with laminin to assess the attachment and outgrowth of sciatic nerves, Schwann cells, and dorsal
root ganglia. Reinnervation of nerve gaps through the use of laminin gels within silicone tubes
enhanced nerve recovery as compared to silicone only. Additionally, laminin on the surface of
poly(L-lactide) conduits provides sites for the indirect interaction of the point contacts of the
growth cone with the synthetic polymeric guide, that are not present on uncoated PLLA or polyL-lysine coated PLLA [62].
Similar to these positive outcomes for modifications using laminin, coating with collagen
or fibronectin increases cellular attachment. Collagen gels and collagen-based guides provide a
matrix for cells and are effective in nerve regeneration [5, 63, 64]. A three-dimensional collagen
gel supplies the necessary mechanical support and the network of large pores that aid in neuronal
cell adhesion and survival. Similarly, collagen guides provide an organized matrix for cellular
attachment and migration, and can serve as a bridge within the PNS or between the PNS and the
CNS [65]. Nerves within polymer guides can also be influenced by collagen. The interior of the
guide can be filled with porous collagen sponges, or with magnetically aligned collagen fibers to
stimulate faster axonal growth and recovery of function [11, 12, 41, 66]. Similarly, fibronectin
in the internal space of a silicone tube enhances cellular attachment, while dual incorporation of
fibronectin and NGF enhances the regeneration of axons [67, 68]. As compared to collagen and
laminin, fibronectin may, however, be an important component of glial cell attachment and
proliferation [69].
Modifying nerve guides with laminin or collagen has a positive effect on nerve
regeneration. The neuronal cells can attach more readily and more specifically to these
molecules, while maintaining the ability to detach for migration. Novel conduits made or coated
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with these materials may prove to be useful not only for improving peripheral nervous system
regeneration, but also central nervous system regeneration.

Directionality
The biochemical and physical cues that are supplied by tissue-engineered constructs
direct the extension of regenerating axons. While molecules such as laminin and collagen
provide biochemical support and guidance, the structure of the conduit can be used for physical
guidance [70]. The neurite outgrowths contact the surface of the guide and migrate along in
response to the physical and biochemical cues to form a neuronal pathway.

Patterned

biomaterials are currently being developed to influence the directionality of regenerating nerves.
These micropatterns exist in the form of both physical grooves in the material surface and
aligned molecular signals.
Techniques such as solvent casting and compression molding can be used to produce
grooved materials. Using the solvent casting methodology to create grooves as the material dries
is the more effective method, with slow degradation of the material to support axonal growth
[71]. By modifying the cast the pattern dimensions can be altered for optimal neurite outgrowth.
Similar to the dimensions of the nerve guide channels, the dimensions of the groove should be
large enough for at least one cell body, but still capable of providing physical guidance. With
proper spacing the neurites grow along the groove, as opposed to branching in varying directions
[72]. The alignment of the neurites can be further influenced by the addition of Schwann cells
and laminin [73].
Material surfaces can be micropatterned with proteins or sequences to promote the
directionality of neurite growth.

Using simple coating procedures or microlithography
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(microcontact printing to precisely place proteins) adhesive molecules can be attached to the
material [74]. Proteins used in such procedures for nerve guides include laminin, fibronectin,
and vitronectin [75, 76]. In an experiment with uniform lithographed laminin tracks on glass
coverslips, chick dorsal root ganglia elongate on the laminin tracks but not on the bovine serum
albumin tracks [77]. The cell bodies become oriented on the laminin and the integrins
concentrated in the growth cones allow the interaction with the laminin molecules. Within
twenty-four hours, chick dorsal root ganglia seeded on macromolecule-coated grooved
biomaterials have greater than ninety percent alignment of neurites, despite varying the
concentration of laminin [73, 76]. Similar extension of neurites can be observed in the presence
of other important adhesive molecules, such as polylysine-conjugated laminin, fibronectin and
vitronectin, on physically patterned surfaces [75, 78].

Microcarriers- CultiSphers G and GL
Nerve guides provide a bridge across the large gap in the axonal extension. Another
approach that can be used to provide mechanical and chemical support to regenerating neurons is
to use microcarriers. Macroporous beads, or microcarriers, provide internal and external
surfaces for cell attachment. CultiSphers are macroporous, three-dimensional collagen surfaces
made from pharmaceutical-grade porcine gelatin by a process that yields a highly cross-linked
gelatin matrix with high mechanical and thermal stability. They range in size from 100 to 300
microns in diameter. The interconnected network of pores in the CultiSphers, with an average
pore diameter of 20 microns, allows for cell growth and proliferation on all surfaces enhancing
the cell density in vitro [79]. Seeding CultiSphers with a hepatocyte cell line, Chinese hamster
ovary cells, or a clonal pancreatic beta cell line can result in cell attachment and increased cell
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density [80-82]. The microcarriers were also found to support the growth and biochemical
processes of neuronal cells, such as primary astrocytes and cerebellar granule neurons [83].
Preseeded CultiSphers placed in the nerve wound may result in the regeneration of the neuronal
pathway.

Cell types
Various cells, including established cell lines [84, 85] and primary cell populations [39,
86-88] have been employed in the evaluation of biomaterials for nerve regeneration. The rat
neuron-like pheochromocytoma (PC12) cell line has been used as an in vitro model since it was
first established in 1976 [89]. Obtained from a solid tumor in a white rat, this adrenal gland
tumor cell line is stable and homogenous with differentiative capabilities. In response to nerve
growth factor (NGF), PC12 cells extend neurites and acquire the ability to synthesis and store
some catecholamine neurotransmitters, generate an action potential, and become sensitive to
acetylcholine [89, 90]. While these cells resemble sympathetic neurons, they cannot be taken as
an exact model of developing neurons and are best used in initial cell studies [91].
Studies with rat cortical or hippocampal neurons, both primary cell populations, can more
directly simulate normal in vivo nerve function. Cortices removed from embryonic rats contain
glial cells and neurons that are capable of extending neurites up to hundreds of microns in length.
To prevent cell death due to environmental inhibitors in serum, these cells are cultured in
Neurobasal media with B27 medium supplement [88].

The survival and proliferation of

embryonic cortical cells is further enhanced in the presence of FGF2 [60, 88, 92]. O’Connor et
al. found that an additional determinant for cortical cell proliferation is the distance that a single
cell has migrated away from a larger cell cluster [5]. Cortical neurons, although not as stable or
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homogenous as PC12 cells, can be used as a system that more closely represents the in vivo
environment.

SIGNIFICANCE
The goal of nerve tissue engineering is to create an environment that allows for the
regeneration of new nerve growth. Poly(caprolactone) or CultiSphers could provide the
necessary support and guidance directly at the injury site. PCL coated with laminin or fabricated
as a composite with CultiSphers may supplement the cells with the proper molecules for neural
cell adhesion and extension. Additionally, grooves within the material could provide physical
guidance for the cells. By experimentation with PC12 cells and then rat cortical neurons,
multicomponent poly(caprolactone) conduits may prove to be useful for nerve regeneration.
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PROPOSED RESEARCH
Hypotheses
1) Laminin-coated poly(caprolactone) (PCL) will serve as a suitable substrate for PC12 cell
attachment, proliferation and differentiation.
2) PC12 cells will attach, proliferate, and differentiate on CultiSphers.
3) The PCL/CultiSpher composite will serve as a suitable substrate for PC12 cell and rat cortical
cell attachment, proliferation and differentiation.
4) PCL with 10 micron grooves will guide the extension of neurites from PC12 and rat cortical
cell bodies.
5) PCL and CultiSphers will be suitable as biomaterials for nerve guide fabrication for use in
nerve regeneration.

Specific Objectives
1) Determine whether PC12 cells will attach, proliferate and differentiate on laminin-coated
PCL.
2) Determine whether PC12 cells will attach, proliferate and differentiate on CultiSphers.
3) Determine whether PC12 cells will attach, proliferate and differentiate on PCL/CultiSpher
composites.
4) Determine whether rat cortical neurons will attach and differentiate on PCL/CultiSpher
composites.
5) Determine whether PC12 cells and rat cortical cells on PCL with 10 micron grooves will use
the grooves for physical guidance.
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CHAPTER 1
Introduction
Guided nerve regeneration must address and overcome numerous research challenges to
become a reality for the repair of injuries to the nervous system. Current treatments for
peripheral nerve injury include autograft, as well as surgical realignment of the severed ends
facilitated by the use of nerve guides [93, 94]. There are disadvantages to these traditional
approaches, one of which is that the use of vein or nerve autografts results in multiple surgeries
and loss of function at the donor site. Furthermore, nerve regeneration is never complete [25].
For successful repair of central nervous system injury, the challenge is even greater. In
experimental animals, approaches have included the transplantation of fetal spinal cord [2], as
well as peripheral nerve autograft [8].
Alternative approaches to autografts include designing and fabricating tissue-engineered
tubular nerve guides or using microcarriers to facilitate the regeneration of severed nerves [8].
Scaffold-guided nerve conduits consisting of biodegradable, FDA-approved polymers, such as
poly(lactic acid), poly(glycolic acid), poly(caprolactone), and various copolymers of these
materials are under evaluation [3, 4, 94, 95]. Nerve guides using conducting polymers such as
poly(pyrrole) and poly(pyrrole)/hyaluronic acid composites [2, 48, 49], as well as collagen-based
nerve guides, are also in development [29, 64].

At a minimum, the guides should be

biocompatible and biodegradable with no immunogenicity. They should support cell attachment
and neurite extension. They should consist of a porosity that permits the diffusion of growth
factors, but excludes inhibitory molecules. Finally, they should be able to deliver soluble
neurotropic and neurotrophic factors [36, 93]. Despite intense efforts to fabricate nerve guides,
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there is not a current biodegradable clinical alternative to nerve or vein autografts, due to the
difficulty of engineering a guide that meets all of the requirements listed above.
Three-dimensional matrices including laminin- [96], fibronectin- [68] and collagen-based
gels [11, 12] show promise for use in nerve regeneration. For example, neural cells embedded in
a collagen gel supplemented with growth factors supports neuronal cell development [84, 86].
The adherent surface of the collagen matrices allows for proliferation and neurite outgrowth of
neural precursor cells. In addition to studies in collagen gels or on collagen-coated surfaces,
collagen-based microcarriers offer another approach for repairing severed nerves.
Microcarriers can be seeded with neural cells and delivered to a nerve injury to enhance
nerve regeneration. CultiSphers are macroporous microcarriers made from pharmaceutical-grade
porcine gelatin by a process that yields a highly cross-linked gelatin matrix with high mechanical
and thermal stability. Cells can attach to both the external and the internal surfaces of the matrix,
increasing the surface area of the matrix and providing protection from stress. For a variety of
cells, the macroporous three-dimensional collagen surface contributes to increased cellular
attachment, resulting in high cell density in culture [80-83]. Specifically, these microcarriers can
support the growth and biochemical processes of neuronal cells, such as primary astrocytes and
cerebellar granule neurons [83]. However, to our knowledge, the potential use of CultiSphers as
microcarriers for the delivery of neural cells to a nerve injury has not been reported.
Various cells, including both primary cell populations [39, 86, 87] and established cell
lines [84, 85], have been employed in the evaluation of biomaterials for nerve regeneration.
Since established in 1976, the rat pheochromocytoma cell line, PC12, has become a very useful
model for preliminary studies of in vitro neural cell development, in part because PC12 cells are
stable, readily available, and can be induced to extend neurites in response to nerve growth factor
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[89]. Resembling sympathetic neurons, differentiated PC12 cells acquire the ability to generate
an action potential, and show increased sensitivity to acetylcholine. In vitro observations using
PC12 neuron-like cells provide a basis for further in vitro experimentation with a primary cell
population.
As a first step in the in vitro evaluation of biomaterials for use in the development of
novel nerve guides consisting of poly(caprolactone) and/or CultiSphers, we employ PC12 cells
as a model cell population. We have evaluated the attachment, proliferation, and differentiation
of PC12 cells on PCL as a potential biomaterial for nerve regeneration. Given the successful
culture of neuronal cells in three-dimensional collagen matrices, we also have investigated the
utility of collagen microcarriers (CultiSphers) independently, as well as incorporated into PCL,
as potential matrices for nerve cell propagation.

29

Materials and Methods
Cell Culture
PC12 cells.
The rat pheochromocytoma cell line, PC12, was purchased from ATCC (CRL-1721), and
cells were cultured at 37oC with 5% CO2 and 90% humidity in T-75 tissue culture flasks
(Corning 430641). Cells were maintained in DMEM high glucose medium (Gibco 11995-065)
supplemented with 15% horse serum and 5% calf serum. PC12 cells were passaged when subconfluent by triturating to release adherent cells. Cells used for evaluations were from passages
5 to 15.
Differentiation of PC12 cells.
Differentiation-inducing medium was PC12 growth medium (DMEM, 15% horse serum,
5% calf serum) supplemented with 25ng/ml Nerve Growth Factor (NGF 2.5S; Gibco 13257019). Attached cells were treated with differentiation medium to induce neurite outgrowth.

Preparation of Materials
CultiSphers.
CultiSphers Type-GL and CultiSphers Type-G (manufactured by Percell Biolytica,
www.percell.se) were sterilized by autoclaving 5g of CultiSphers in 250ml of phosphatebuffered saline (PBS; Gibco 10010-023). The sterile CultiSphers were then divided in 0.2g
aliquots, and stored at 4°C. Type-G and Type-GL CultiSphers are similar, with Type-GL having
pores with slightly larger diameter.
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Poly(caprolactone) disks.
Poly(caprolactone) (PCL) scaffolds were prepared as follows. PCL (Aldrich 181609250G; 10% w/v) was poured into a circular Teflon mold. After tetrahydrofuran (THF; Fisher
T397-1) evaporation, circular disks (diameter=11mm) were cut from the mold, sterilized with
70% ethanol, and stored at room temperature. PCL disks were coated with mouse laminin
(Sigma L-2020) by applying 20µg laminin/ml Tris-buffered saline to the surface of the disk and
incubating for two hours at 37oC. Following incubation, excess laminin was washed from the
surface with PBS. Non-laminin coated disks were incubated with Tris-buffered saline for two
hours.
PCL/CultiSpher composites
Sterilized CultiSphers (Type GL or Type G) were incorporated in PCL disks.
CultiSphers (47% w/w) were added to the PCL/THF solution. Similar to the fabrication of PCL
disks, after THF evaporation, PCL/CultiSpher composite disks were cut and sterilized. The
“top” of the disk was that which was exposed to air, while the “bottom” of the disk was against
the mold. Prior to experimentation, disks were conditioned with media for five hours at 37 oC.

Cell Seeding and Proliferation
CultiSphers in spinner flasks.
A 0.2g aliquot of CultiSphers Type-GL was washed with culture medium several times,
and then added to a sterile tissue culture spinner flask (Bellco Glass 1965-00100). PC12 cells
were released from T-flasks, counted using a hemacytometer, and added to the spinner flask.
Typical spinner flask cultures contained a volume of 50ml of medium, 1.5 x 107 PC12 cells, and
0.2g of CultiSphers in the spinner flask, with incubation at 37ºC, 5% CO2, and 90% humidity on
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a stir plate set to rotate at 15rpm (dynamic culture conditions). For static culture conditions, the
propeller in the spinner flask was raised to prevent agitation.
Two days after seeding of cells on CultiSphers, the entire volume of medium, cells, and
CultiSphers were removed from spinner culture and placed in a new, sterile spinner flask.
CultiSphers were allowed to settle and then washed with 25ml of culture media three times to
remove unattached cells. CultiSphers were then resuspended in 50ml of culture medium. For
cell feeding in spinner cultures, every three days the spinner flask was removed from the stir
plate, the CultiSphers were allowed to settle, and half of the medium was removed and replaced
with fresh medium.
Seeding of CultiSphers with varying cell concentrations.
Aliquots of 0.01g of CultiSphers Type-GL were washed with media three times and
added to 12-well plates. PC12 cells were released from T-flasks and collected in a 50ml conical
tube by centrifugation. The resulting cell pellet was then resuspended with media and brought to
a concentration of 8.4x105 cells/ml. Two-fold serial dilutions were conducted to produce a total
series of 5 concentrations of cells. From each concentration of cells one-milliliter aliquots were
added to three wells of the 12-well plates. Plates thereby containing three replicates of the 5
concentrations of cells, each with 0.01g of CultiSphers, were incubated at 37ºC, 5% CO2, and
90% humidity.
Poly(caprolactone) and PCL/CultiSpher composite.
Disks were adhered, “top” side up, to wells of 12-well plates using sterile silicone
vacuum grease. PC12 cells were triturated from T-flasks and counted with a hemacytometer. At
a concentration of approximately 3.7x105 cells/ml, 1ml aliquots of cells were added to each disk.
Disks incubated with medium only were used as a negative control, while cells in the area
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surrounding the disks provided a positive control for cell attachment. Plates were incubated at
37ºC, 5% CO2, and 90% humidity.
Unattached cells were washed away after two days of initial seeding. All media in the
well was aspirated, and three washes with 1ml of fresh media were carried out. The cells
attached to the disks were then supplied with 1ml of new media and returned to the incubator.
Media was refreshed every three to four days.

Cell Biology Methods
DAPI and FITC-phalloidin staining.
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI; Sigma D-8417; 0.6mg/ml in
PBS) was used to stain the nuclei of cells attached to CultiSphers, PCL disks, and
PCL/CultiSpher composite disks, while FITC-phalloidin (Sigma P-5282, 0.1µg/ml in PBS) was
used to counterstain the actin cytoskeleton of the cells. For CultiSpher experimentation three
one-ml samples were removed from the spinner flask or wells of 12-well plates. For the PCL
and PCL/CultiSpher composite disks, single disks were removed from well plates, cut in half,
and each half disk was placed in a new well plate, washed and stained.
All samples were washed three times in PBS before fixing for ten minutes at room
temperature with 4% paraformaldehyde in PBS. Following fixation, samples were washed three
times with PBS and stained with FITC-phalloidin for fifteen minutes. Samples were washed
another three times with PBS and stained with DAPI for ten minutes at room temperature.
Samples were then washed three more times with PBS and wet mount samples were prepared
using 50% glycerol in PBS. Cell nuclei on the translucent three-dimensional CultiSphers and on
the surface of the PCL disks were counted via inspection by fluorescent microscopy. For each
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sample, 50 CultiSphers were examined, and the number of cells attached to each CultiSpher,
along with the percentage of CultiSphers containing at least one cell (seeding efficiency), was
determined. On each PCL specimen, five or ten random areas were analyzed for cell attachment
and proliferation by counting the total number of cells per area and calculating the average
number of cells/mm2 and standard error of the mean. Neurite outgrowth was assessed by FITCphalloidin staining of the actin cytoskeleton using fluorescent microscopy (Nikon Eclipse
microscope fitted with a Diagnostics Instruments, Inc. digital camera [model 2.3.1] with image
capture using QED Camera Standalone imaging software [v1.6a30]).
Cell Viability.
The Live/Dead Viability/Cytotoxicity Assay Kit (Molecular Probes, L-3224) was used to
evaluate the presence of live and dead PC12 cells on PCL disks. PCL disks were washed three
times with PBS, and the cells on the disks were stained as directed by the supplier with 2mM
calcein AM for live cells and 4mM Ethidium homodimer-1 (EthD-1) for dead cells. On each disk
half, five random areas were assessed for viability by calculating the total percentage of live and
dead cells visualized by fluorescent microscopy.

Scanning Electron Microscopy
Specimens of the PCL/CultiSpher composite were mounted, gold-coated, and viewed
with a Hitachi 2460 scanning electron microscope at an accelerating voltage of 3kV, and digital
images were captured at varying magnifications.
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Statistics
Results are expressed as means ± standard error of the mean. Two-tailed T-tests were
used for pairwise comparisons (as indicated). Comparisons of means representing multiple
measurements over time were analyzed using repeated-measures analysis of variance (ANOVA)
and least squares deviation. Post hoc analyses were performed using the Tukey HSD test. The
threshold for statistical significance was set at p £ 0.05.
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Results
We sought to improve the quality of poly(caprolactone) (PCL) for applications in nerve
guides by coating with the extracellular matrix molecule, laminin. To this end, we assessed the
attachment and proliferation of rat pheochromocytoma (PC12) cells on PCL disks, both in the
presence and absence of laminin. The smooth two-dimensional surfaces of PCL disks were
coated with laminin and the disks were seeded with PC12 cells and incubated for two days.
Non-laminin coated disks served as the control. After the second day, unattached cells were
washed away and the incubation was continued. At two, five, and eight days post-initial seeding,
the average number of cells on the PCL disks was determined by DAPI staining of nuclei.
Because unattached cells were washed away after day two post-seeding, increases in cell number
per disk on days five and eight represent the proliferation of PC12 cells on the disks. As reported
in Figure 1, PC12 cells attach and the average number of cells/mm2 significantly increases
(p<0.01) after 8 days indicating that the cells proliferate on laminin-coated disks. Additionally,
there were significantly more PC12 cells on laminin-coated PCL than on non-laminin coated
PCL for days 2 (p=0.003) and 8 (p=0.003), but not for days 1 (p=0.82) or 5 (p=0.10). Viability
of the cells on laminin-coated PCL disks was greater than 75%, as determined by Live/Dead
Viability/Cytotoxicity staining (data not shown). Conversely, no viable cells, of those few
attached, were detected on the non-laminin coated disks.
We evaluated the ability of PC12 cells seeded on PCL disks to extend neurites in
response to Nerve Growth Factor (NGF). After seven days of treatment, the actin cytoskeleton
of cells attached to the PCL were stained with FITC-phalloidin and the nuclei were
counterstained with DAPI stain. In the presence of NGF, PC12 cells attached to laminin-coated
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and non-laminin coated control disks extended neurites (Figure 2). Neurite extension was not
detected in cells incubated in the absence of NGF.
Collagenous material was also examined for the ability to support PC12 cells.
Macroporous, collagen-based CultiSphers were analyzed to determine whether such material
could function as a potential vehicle for cell implantation into a nerve wound, by conducting a
series of cell attachment and viability experiments. To assess the seeding efficiency of PC12
cells on CultiSphers, five different cell concentrations were used in static culture containing
equivalent amounts of CultiSphers. Three samples were taken for each concentration on days
zero, one and three, and attached cells were stained with DAPI and counted (Figure 3).
Increasing the concentration of PC12 cells resulted in a statistically significant increase in the
seeding efficiencies (Cultisphers with at least one attached PC12 cell) on CultiSphers to a level
of approximately 40% (p<0.01). Additionally, PC12 cells that do attach to CultiSphers can
extend neurites in response to NGF (Figure 4).
The effect of static versus dynamic environments on the seeding of CultiSphers with
PC12 cells was examined in spinner flasks (Figure 5). There was a significantly higher
percentage of seeded CultiSphers in the static environment compared to the dynamic
environment for both day 1 (p<0.01) and day 4 (p<0.01). The percentage of CultiSphers
containing cells between days one and four post-seeding significantly increased (p<0.01) under
both static and dynamic conditions.
After evaluating the attachment, viability, proliferation, and differentiation of PC12 cells
on the poly(caprolactone) and the CultiSphers individually (as described above), studies were
conducted on a composite material of CultiSphers and PCL. In preliminary evaluations, we
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observed that the incorporation of CultiSphers, into PCL-based nerve guides substantially altered
the mechanical properties of the resulting composite [97].
The structure of a disk of a composite of PCL and CultiSphers was assessed by scanning
electron microscopy (Figure 6). Multiple layers of CultiSphers are embedded in the PCL
creating porosity among the embedded CultiSphers. A thin layer of PCL on both surfaces of the
material is observed, with a more smooth “top” surface for cell adhesion and neurite extension.
The attachment and viability of PC12 cells were assessed on composite disks fabricated with
Type-G or Type-GL CultiSphers (Table 1). We assessed proliferation by washing away
unattached cells two days after initial seeding, and measuring the average number of cells/mm2
for three disks per treatment group (Type-G versus Type-GL disks) after an additional three days
of incubation (five total days). The number of cells/mm2 significantly increases (p=0.01) for
cells on Type-G but not Type-GL (p=0.11) PCL/CultiSpher composite disks from day 2 to day 5
(Table 1). For both composites, the cell viability was over 90%. There is no statistically
significant difference between the two types of CultiSphers for PC12 cell attachment (p=0.08),
or viability (p>0.29) on day 2 or day 5. These results are in contrast to the poor attachment
(Figure 1, day 5), proliferation (Figure 1, day 5), and viability of PC12 cells on non-laminin
coated PCL.
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Discussion
A wide variety of approaches and materials are under evaluation in an effort to develop
nerve guides that will facilitate the regeneration of severed nerves. Silicone is the current
clinical alternative to nerve autografts, and has been extensively studied [1, 66, 98]. Recent
efforts have evaluated a wide variety of biodegradable materials including poly(lactic acid),
poly(glycolic acid), poly(caprolactone), poly(pyrrole), hyaluronic acid, and various composites
of the these materials [2-4, 48, 49, 94, 95], as well as collagen, laminin, and fibronectin [11, 12,
68, 96]. Overall, a successful nerve guide should be biocompatible and biodegradable, while not
eliciting an immune response.

Also desirable is a nerve guide that permits the diffusion of

growth factors, but excludes inhibitory molecules, and that can be engineered to deliver soluble
neurotropic and neurotrophic factors [36, 93].
We have focused our efforts in nerve guide fabrication on FDA-approved materials
including poly(caprolactone) and collagen. Our approach is to evaluate material/cell interaction
by in vitro analysis using PC12 rat pheochromocytoma cells, as an initial step for the evaluation
of fabricated nerve guides. The experiments reported here demonstrate that PCL coated with
laminin can support the attachment and differentiation of PC12 cells. Others have incorporated
PCL into nerve guides with varying degrees of success [58, 94, 99]. We find that untreated PCL
is an unsatisfactory material for PC12 cell attachment and viability, but that treatment with
laminin provides a statistically significant improvement of the potential usefulness of the
material, as anticipated. Others report the usefulness of laminin in enhancing the outgrowth of
neurites from PC12 cells and chick dorsal root ganglia in laminin-coupled agarose hydrogels [61,
96, 100].

39

Three-dimensional matrices including laminin- [96], fibronectin- [68] and collagen-based
gels [11, 12] have shown promise for use in nerve regeneration. The adherent surface of the
collagen matrices allows for cell proliferation and neurite outgrowth, by providing a molecular
base for interactions with neural cell adhesion molecules (NCAMs) and integrins on the neuronal
cell membrane. Given the role of collagen in nerve function and composition, and a number of
reports on the culture of neurons in collagen matrices [7, 11, 12, 84], we examined the ability of
a commercially available collagen microcarrier to facilitate PC12 cell attachment and
differentiation. CultiSphers are used for the culture of a variety of cell types [80-83], including
primary astrocytes and cerebellar granule neurons [83]. We report in this paper that PC12 cells
attach to CultiSphers, though not as effectively as many other types of cells. We attempted to
increase the percentage of seeding by increasing the cell concentration, changing to dynamic
seeding conditions, and coating the CultiSphers with laminin. With an increased concentration
of cells the efficiency of PC12 cell attachment on CultiSphers significantly increased though
remaining lower than fifty percent, whereas dynamic conditions significantly decreased the
seeding efficiency. The PC12 cells that do attach to the CultiSphers are able to differentiate as
indicated by neurite extension in response to NGF (Figure 4). We did not pursue further studies
of the attachment of PC12 cells to CultiSphers via coating with laminin or other matrix
molecules due to preliminary CultiSpher coating results. In an experiment where cells were
allowed to seed on CultiSphers coated with laminin or a non-laminin coated control, cell seeding
was similar (data not shown).
The incorporation of CultiSphers into PCL during fabrication results in a composite
material with superior material handling properties compared to PCL [97]. In particular, the
PCL/CultiSpher composite material is much more pliable than PCL, perhaps due to the porosity
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observed in the composite as revealed by scanning electron microscopy (Figure 6). Further, the
pliable nature of the collagen microcarriers themselves, as well as the disruption of the PCL
crystallization may result in an increase in flexibility. The composite material also provides the
key component of a smooth “top” surface for nerve growth [7, 40]. Furthermore, the CultiSphers
enhance the in vitro rate of degradation of the material. In addition to better handling properties,
the PCL/CultiSpher composite also has promising cell attachment and proliferation properties, as
reported here. After the initial seeding period PC12 cells proliferate on both the Type-G and
Type-GL PCL/CultiSpher composites, with no statistically significant difference in attachment
or viability between the two types of CultiSphers. Although we do not see the extensive cell
attachment and proliferation of PC12 cells on the PCL/CultiSpher composite as compared to
laminin-coated PCL, the composite is a statistically significant improvement over PCL alone.
Both CultiSphers and laminin-coated PCL provide matrices for PC12 cell attachment.
Further, a novel PCL/CultiSpher composite has properties that merit further investigation. We
are continuing the in vitro evaluation of the PCL/CultiSpher composite using primary neural
cells from embryonic rat cortices and fabricating PCL/CultiSpher conduits for in vivo evaluation
as potential nerve guides [97].
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Chapter 1 Figures

Figure 1. PC12 cell attachment and proliferation on PCL.
PC12 cells were seeded on laminin and non-laminin coated PCL for 2 days. Unattached cells were
washed away after day 2. An increase in cells/mm2 was observed post-washing, reflecting the
proliferation of PC12 cells on laminin-treated PCL, assessed at days 5 and 8. Striped, laminin-coated
PCL. Solid, non-laminin coated PCL. DAPI staining and counting of nuclei was used to assess cell
attachment and proliferation. Error bars represent the standard error of the mean of three replicates
(5 fields/replicate). This is a representative experiment of two independent experiments. Two-tailed
T-tests done on each day for laminin vs. no laminin shows that there is a significant difference between
the two for days 2 (p=0.003) and 8 (p=0.003), but not for days 1 (p=0.82) and 5 (p=0.10). There is also
a significant difference (p<0.01) between the laminin-coated PCL on days 1,2,and 5 (a) and laminincoated PCL on day 8 (b) (as determined by one-way ANOVA and the post hoc Tukey HSD test).

42

+ NGF

- NGF

A

B

C

D

+ Lam

- Lam

Figure 2. NGF induction of PC12 cell differentiation on PCL.
PC12 cells on laminin-coated PCL extend neurites after treatment with NGF (day 7) (A). Without
NGF, PC12 cells on laminin-coated PCL do not extend neurites (B). On non-laminin coated PCL, the
few cells that do attach extend neurites after treatment with NGF (day 7) (C), however those cells
without NGF do not extend neurites (day 7) (D). Cells were stained with DAPI, counterstained with
FITC-phalloidin, and visualized with fluorescent microscopy.
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Figure 3. Effect of increased cell concentration on seeding efficiency of PC12 cells on CultiSphers.
Under static culture conditions, 0.01g/ml of GL-CultiSphers were seeded, in 12-well plates, with 2.5 ml of
PC12 cells at concentrations of 8.4x105 cells/ml (®),4.2x105 cells/ml ( ), 2.1x105 cells/ml (s), 1.0x105
cells/m l (+ ), and 5.3x104 cells/ml ( x ). The seeding efficiency (percent seeding) observed is the
proportion of CultiSphers seeded by at least one PC12 cell to the total number of CultiSphers observed. An
increase in seeding efficiency was observed with increased concentrations of PC12 cells. Each data point is
the average of three samples of 50 CultiSphers, stained with DAPI, viewed, and assessed for the number of
CultiSphers containing nuclei. Error bars represent the standard error of the mean of the three samples.
The experiment shown is a representative of three independent experiments. ANOVA analysis followed by
the post hoc Tukey HSD test determined that there was no significant difference between the two highest
concentrations 8.4x105 cells/ml (®),4.2x105 cells/ml (
) or between the three lowest concentrations
5
5
4
2.1x10 cells/ml (s), 1.0x10 cells/ml ( + ), and 5.3x10 cells/ml ( x ). There is a significant difference
between the highest concentration (®) and the lower three concentrations (s,+,x) (p<0.01).
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Figure 4. Differentiation of PC12 cells on CultiSphers.
Cells treated with NGF (25ng/ml) for 8 days, following attachment to CultiSphers (Type GL) (A,B).
Cells not treated with NGF for 8 days, following attachment to CultiSphers (Type GL) (C,D). Neurite
outgrowth is indicated by white arrows. Samples were stained with FITC-phalloidin, and visualized
with fluorescent microscopy.
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Figure 5. PC12 cells on CultiSphers in Static and Dynamic Environments.
In a spinner culture, rotating at 15rpm (dynamic) or not rotating (static), 0.2g of CultiSphers were seeded
with 4.1x105 cells/ml in 25ml. The seeding efficiencies (percent seeding) of the CultiSphers (Type GL) in
static and dynamic culture conditions after 1 and 4 days were determined by counting DAPI-stained nuclei
for three samples of 50 CultiSphers for both culture conditions.
Striped bars, static environment. Solid
bars, dynamic environment. Error bars are the standard error of the mean. The results are a representative
experiment of two independent experiments. ANOVA analysis followed by the post hoc Tukey HSD test
determined that there is a significant difference between days 1 and 4 for both static (a,c) (p<0.01) and
dynamic (b,d) (p<0.01) conditions and that there is a significant difference in the seeding efficiency for static
vs. dynamic on either day 1 (a,b) (p<0.01) or day 4 (c,d) (p<0.01).
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Figure 6. Scanning electron microscopy of PCL and the PCL/CultiSpher composite.
(A) A cross-sectional view of a PCL disk with the top and bottom surfaces indicated. (B) A crosssectional view of a PCL/CultiSpher composite disk with the top and bottom surfaces indicated. Top and
bottom refer to the orientation of the disk during fabrication: the “top” is exposed to air, the “bottom” is in
contact with the Teflon mold.
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Total Days
Day 2
Day 5

PCL/CultiSpher
Composite Type G
Average #
% Viability
2
cells/mm
90 ± 14
93 ± 3
274 ± 41*
92 ± 1

PCL/CultiSpher
Composite Type GL
Average #
% Viability
2
cells/mm
43 ± 15
98 ± 0
123 ± 36
94 ± 2

Table 1. Attachment and proliferation of PC12 cells on PCL/CultiSpher composites.
The “tops” of Type- G and Type- GL PCL/CultiSpher composite disks were seeded with 3.4x105 PC12
cells/ml. After seeding for two days, unattached cells were washed away. The observed increase in the
average cells/mm2 between days 2 and 5 reflects the proliferation of the PC12 cells, as determined by
the counting of DAPI-stained nuclei. The error bars represent the standard error of the mean of three
replicates, with 5 fields/replicate. Live/Dead staining was used to assess the greater than 90% viability
of PC12 cells on the 47% Type G and GL PCL/CultiSpher composite disks. Data shown are the
average of three replicates per disk with the standard error of the mean. PC12 cells/mm2 on Type-G
and Type-GL PCL/CulitSpher composites are not statistically different for day 2 (p=0.08) or day 5
(p=0.05), (as determined by a two-tailed T-test). Additionally, the difference in the viability of PC12
cells on Type-G vs. Type-GL composites is not statistically significant for day 2 (p=0.29) or day 5
(p=0.62) (as determined by a two-tailed T-test). However, there is a significant increase (*) from day 2
to day 5 cell/mm2 for Type-G composites (p=0.01), but not for Type-GL composites (p=0.11) (as
determined by a two-tailed T-test).
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CHAPTER 2
Introduction
The failure of nerves to regenerate, caused by the physiological conditions within the
body, can result in the loss of muscle function, impaired sensation, and pain. The lack of an
organized matrix for cell growth, the presence of inhibitory molecules, and the production of a
glial scar prevent a severed neuron from regrowing and repairing the nerve signaling pathway [6,
9]. Current treatment techniques for injured nerves include suturing the nerve or the use of
autografts or allografts. Unfortunately, these methods have limitations. Suturing is restricted to
minimal injuries [29], autografts require the loss of nerve function in another part of the body
[7], and allografts are commonly rejected by the recipient’s immune system [30].
The inadequacies of suturing, autografts, and allografts for nerve repair underscore the
importance of developing other techniques for repairing nerve injuries [8]. Tissue-engineered
nerve guides may provide an optimal environment for the regeneration of nerves, while reducing
the needed for multiple surgeries. The guides should be biocompatible, biodegradable, flexible,
permeable, and easy to use in surgical applications [33]. Some of the materials that continue to
be evaluated for use in nerve guides are: silicone, poly(pyrrole), poly(lactic-co-glycolic acid),
and poly(caprolactone) [1-4].
Synthetic polymers fabricated into nerve guides, or conduits, can be modified to meet the
specific needs of the system. Both physical and biochemical cues can direct the extension of
regenerating axons. Molecules such as polylysine [59], laminin [61], collagen [12, 66], or
fibronectin [67, 68] assist the attachment of the cells and the extension of the growth cones at the
distal end of the regenerating neurite. Additionally, micropatterns, such as grooved surfaces, can
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affect the directionality of the regenerating nerves, when the dimensions of the grooves are large
enough for the nerve cell body but small enough to influence cellular extension [70, 72].
Cell lines, primary cell populations, and in vivo models have been used to assess the
functionality of novel nerve conduits [84-88]. Following preliminary studies with established
cell lines, (e.g. rat pheochromocytoma PC12 cells), primary cells, such as rat cortical neurons,
can be used to simulate in vivo nerve function. Upon removal from embryonic rats, cortices
cultured in serum free media have the capacity to migrate and extend neurites up to hundreds of
microns in length [88]. The in vitro extension of rat cortical neurites on various biomaterials
indicates that the material may be applicable in vivo.
After assessing the ability of PC12 cells to attach and differentiate on novel nerve guides
consisting of poly(caprolactone) and laminin, or collagen microcarriers [101], similar materials
were evaluated with rat cortical neurons. We have also studied the directionality of neurite
extension on poly(caprolactone) fabricated with grooves to provide physical guidance for
neurites. Based on the success of in vitro neurite extension on biochemically or physically
modified materials, multicomponent conduits can be fabricated and tested for nerve regeneration
in vivo.
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Materials and Methods
Cell Culture
PC12 cells.
The rat pheochromocytoma cell line, PC12, was purchased from ATCC (CRL-1721), and
cells were cultured at 37oC with 5% CO2 and 90% humidity in T-75 tissue culture flasks
(Corning 430641). Cells were maintained in DMEM high glucose medium (Gibco 11995-065)
supplemented with 15% horse serum and 5% calf serum. PC12 cells were passaged when subconfluent by triturating to release adherent cells. Cells used for evaluations were from passages
5 to 15.
Rat cortical neurons.
Pairs of embryonic day 18 Sprague/Dawley rat cortices were purchased from BrainBits,
Southern

Illinois

University

School

of

Medicine

(Brain

Bits

CX2,

www.siumed.edu/brainbits/main.html). The brain tissue was triturated with a 1000ml pipette tip
and centrifuged at 1100 rpm for one minute. After discarding the supernatant, the pellet was
resuspended in 15 or 30ml of B27/Neurobasal media (B27, Invitrogen 17504-044; Neurobasal,
Invitrogen 21103-049) with 0.5mM glutamine (Invitrogen 25030-149) and 25mM glutamate
(Sigma G1251). Cells were placed in culture with biomaterial and fed after three days with
B27/Neurobasal media with 0.5mM glutamine.
Differentiation media.
Differentiation-inducing medium for inducing PC12 cell neurite outgrowth was PC12
growth medium (DMEM, 15% horse serum, 5% calf serum) supplemented with 25ng/ml Nerve
Growth Factor (NGF 2.5S; Gibco 13257-019). Attached cells were treated with differentiation
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medium to induce neurite outgrowth. Rat cortical neurons differentiated in B27/Neurobasal with
0.5mM glutamine.

Preparation of Materials
Poly(caprolactone) disks.
Poly(caprolactone) (PCL) scaffolds were prepared as follows. PCL (Aldrich 181609250G) pellets were dissolved in tetrahydrofuran (THF; Fisher T397-1: 10% w/v) and poured into
a circular Teflon mold. After THF evaporation, circular disks (diameter=11mm) were cut from
the mold, sterilized with 70% ethanol, and stored at room temperature. PCL disks were coated
with mouse laminin (Sigma L-2020) or poly-D-lysine (Sigma P6407) by applying 20µg
laminin/ml Tris-buffered saline or 50µg lysine/ml dH2O to the surface of the disk and incubating
for two hours at 37oC. Following incubation, excess laminin or lysine was washed from the
surface with PBS. Non-coated disks were incubated with Tris-buffered saline for two hours.
PCL/CultiSpher composites.
Sterilized CultiSphers (Type-G) were incorporated in PCL disks. CultiSphers (47% w/w)
were added to the PCL/THF solution. Similar to the fabrication of PCL disks, after THF
evaporation, 11mm diameter disks of the PCL/CultiSpher composite were cut and sterilized.
The “top” of the disk was exposed to air, while the “bottom” of the disk was against the mold
during fabrication. Prior to experimentation, disks were conditioned with media for two hours.
10 and 100 micron grooved PCL.
PCL dissolved in THF (1% w/v) was poured into a mold, with either 10 or 100 micron
grooves (MEMS Exchange, Reston, VA). Following THF evaporation, 5 x 20mm strips of
grooved PCL were cut and sterilized. Samples were stored at room temperature until used. The
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center of the grooved strip was coated with laminin (20µg/ml), incubated at 37oC for two hours,
and washed with PBS. The negative control disks were incubated with Tris-buffered saline.

Cell Seeding
Poly(caprolactone) and PCL/CultiSpher composite.
Disks were adhered, “top” side up, to wells of 12-well plates using sterile silicone
vacuum grease. After triturating, centrifuging and resuspending cells with 15 or 30ml of media,
they were counted with a hemacytometer. At a concentration of approximately 1.3x106 or
4.3x105 cells/ml, 1ml aliquots of cells were added to each disk.

Disks incubated with media

only were used as a negative control, while cells in the area surrounding the disks represented the
positive control. Plates were incubated at 37ºC, 5% CO2, and 90% humidity.
Cells were fed after three days of seeding by removing 500ml of media in each well and
adding 500ml of B27/Neurobasal with 0.5mM glutamine media. All samples with rat cortical
neurons were utilized after five days of attachment.
Grooved PCL.
Silicone vacuum grease was used to attach strips of grooved PCL to wells of 12-well
plates. To seed with PC12 cells, cells were triturated from T-flasks and counted with a
hemacytometer. At a concentration of 1.8x105 cells/ml, 1ml aliquots of PC12 cells were added
to the wells with the grooved strips. After two days, strips were washed with PC12 medium, and
subsequently incubated with 1ml of PC12 differentiation media (PC12 media + 25ng/ml NGF).
The differentiation media was exchanged every three days. After eight days of PC12 cell
differentiation, strips were removed and stained. For rat cortical neuron seeding, 1ml aliquots of
3.9x105 rat cortical cells/ml were added to wells containing grooved strips. These cells were fed
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after three days, then stained and visualized on the fifth day. Media-only controls and cell-only
controls were used.

Cell Biology Methods
DAPI and FITC-phalloidin staining.
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI; Sigma D-8417; 0.6mg/ml in
PBS) was used to stain the nuclei of cells attached to PCL disks, PCL/CultiSpher composite
disks, and grooved PCL, while FITC-phalloidin (Sigma P-5282, 0.1µg/ml in PBS) was used to
counterstain the actin cytoskeleton of the cells. For the PCL and PCL/CultiSpher composite
disks, single disks were removed from well plates, cut in half, and each half disk was placed in a
new well plate, washed and stained. For the grooved PCL, strips were removed, washed and
stained.
All samples were washed three times in PBS before fixing for ten minutes at room
temperature with 4% paraformaldehyde in PBS. Following fixation, samples were washed three
times with PBS and stained with FITC-phalloidin for fifteen minutes. Samples were washed
another three times with PBS and stained with DAPI for ten minutes at room temperature.
Samples were then washed three more times with PBS and wet mount samples were prepared
using 50% glycerol in PBS. Cell nuclei on the surface of the PCL disks were counted via
inspection by fluorescent microscopy. For each PCL disk, five random areas were analyzed for
cell attachment by counting the total number of cells per area and calculating the number of
cells/mm2. From three disks, the average number of cells/mm2 and standard error of the mean
were then calculated. The presence of DAPI-stained cell nuclei on grooved PCL strips was
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qualitatively evaluated. Neurite outgrowth was assessed by FITC-phalloidin staining of the actin
cytoskeleton using fluorescent microscopy (Nikon Eclipse microscope fitted with a Diagnostics
Instruments, Inc. digital camera [model 2.3.1] with image capture using QED Camera
Standalone imaging software [v1.6a30]).
Cell Viability.
The Live/Dead Viability/Cytotoxicity Assay Kit (Molecular Probes, L-3224) was used to
evaluate the presence of live and dead cells on PCL disks and grooved PCL strips. PCL disks
and strips were washed three times with PBS, and the cells were stained as directed by the
supplier with 2mM calcein AM for live cells and 4mM Ethidium homodimer-1 (EthD-1) for dead
cells. Samples were stained for approximately thirty minutes, followed by three washes with
PBS. Wet mount slides were then prepared using PBS. On each disk half, five random areas
were assessed for viability by calculating the total percentage of live and dead cells visualized by
fluorescent microscopy. Neurite outgrowth was assessed on both PCL disks and grooved PCL
strips by calcein staining of the cellular extensions, and visualization using fluorescent
microscopy.

Scanning Electron Microscopy.
PCL/CultiSpher composite disks and Grooved PCL strips.
Specimens of PCL/CultiSpher composite disks and grooved PCL strips were mounted,
gold-coated, and viewed with a Hitachi 2460 scanning electron microscope at an accelerating
voltage of 3kV, and digital images were captured at varying magnifications.
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Statistics
Results are expressed as means ± standard error of the mean. Comparisons of means
representing multiple measurements over time were analyzed using repeated-measures analysis
of variance (ANOVA) and least squares deviation. Post hoc analyses were performed using the
Tukey HSD test. The threshold for statistical significance was set at p £ 0.05.
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Results
We sought to improve the applicability of poly(caprolactone) (PCL) for use in nerve
guides by coating with the extracellular matrix molecule, laminin, as well as incorporating
CultiSphers. After assessing the attachment and proliferation of rat pheochromocytoma (PC12)
cells on PCL disks (Chapter 1), we assessed these same cell properties using rat day 18
embryonic cortical neurons. PCL/CultiSpher composite disks were fabricated and conditioned
with media for two hours prior to cell seeding. The smooth surfaces of the plain PCL disks were
coated with laminin or not coated (as the control). Two days after the cells were seeded,
unattached cells were removed along with the media, the attached cells were fed with fresh
media, and incubation was continued for another three days. Five days post-initial seeding, the
average number of cells on the PCL disks and the percent viability were determined by DAPI
staining and Live/Dead Viability/Cytotoxicity staining, respectively. Values were determined by
counting five random areas on three replicate disks for each experiment. The data in Table 2
represents averages from three independent experiments. A statistically larger number of rat
cortical neurons attached (p<0.05) and remained viable (p<0.01) on the PCL/CultiSpher
composite as compared to laminin-coated PCL and PCL alone. Approximately fifty percent of
the cells were alive on the PCL/CultiSpher composite, while less than ten percent of the cells that
initially attached to the laminin-coated PCL or the PCL alone were viable after the five days
(Table 2).
To assess the potential for cells to adhere to lysine as compared to the materials
previously evaluated, rat cortical neurons were seeded onto the PCL/CultiSpher composite,
laminin-coated PCL, and lysine-coated PCL. Unattached cells were removed after two days of
initial seeding and incubated for an additional three days. The number of cells attached
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(represented by cells/mm2) and the percent of cell viability were again determined by counting
random areas on disks that had been stained with DAPI or Live/Dead (Table 3). Rat cortical
neurons attach and approximately 50% remain viable on the PCL/CultiSpher composite (Table
3). Despite a three-fold increase in the number of cells used for seeding, the number of attached
cells and the viability on the PCL/CultiSpher composite remained at levels similar to that of
Table 2. Laminin-coated PCL, on the other hand, seemed to be more conducive for cells when a
greater number of cells are used. With an increase in cell number, there is no significant
difference between PCL/CultiSpher composites and laminin-coated PCL for cell attachment
(p=0.56) or viability (p>0.05). Of those cells attached to the lysine-coated PCL very few were
viable (<10%). This low viability was statistically significantly different from the PCL/
CultiSpher composites and the laminin-coated PCL (p<0.05).
With the knowledge that the PCL/CultiSpher composite maintained cell viability similar
to that of laminin-coated PCL following cell attachment, we evaluated the ability of rat cortical
neurons to extend neurites on these two materials, as well as on PCL. After five days on the
material, cell bodies were stained with FITC-phalloidin and the nuclei were counterstained with
DAPI, or the cell bodies and nuclei were stained with Live/Dead stain. On the PCL/CultiSpher
composite and laminin-coated PCL, rat cortical neurons have the ability to extend neurites
(Figure 7). In the absence of laminin or CultiSphers, neurites do not extend from the few viable
cells that are attached.
The effect of physical guidance was examined by fabricating grooved PCL. The material
was made by solvent casting PCL on 10 micron and 100 micron grooved molds and was
visualized with scanning electron microscopy (Figure 8). The integrity of the grooves/channels
is maintained upon drying of the material and its removal from the mold.
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We observed that rat pheochromocytoma (PC12) cells on laminin-coated PCL with 10
micron grooves extend neurites in the grooves of the material following eight days of incubation
with NGF (Figure 9). Most neurites remained in a single groove and those that do cross then
remain in the new groove. Similar neurite directionality was seen with rat cortical neuron
extension on the 10 micron laminin-coated grooved PCL after five days (Figure 10). (The
laminin-coated PCL alone did not autofluoresce.)
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Discussion
Nerve conduits have been fabricated using a variety of natural and synthetic materials to
create a stable environment for the regeneration of nerves in a hostile environment [6, 9]. The
guides provide a support structure and stimulate severed nerves to restore neuronal signaling
pathways.

The challenge of nerve tissue engineering lies in producing a guide that is

biocompatible, biodegradable, flexible, porous, and easy to use in surgical applications [33].
Currently, neither silicone, poly(pyrrole), poly(lactic acid), poly(lactic-co-glycolic acid), nor
poly(caprolactone) has fulfilled all of these attributes [1-4].
Based on previous findings with rat pheochromocytoma (PC12) cells and
poly(caprolactone) (PCL) coated with laminin or a novel composite fabricate d with CultiSphers
[101], we expanded our investigation to the interaction of rat cortical neurons with these
materials. In vitro analysis of rat cortical neurons can be used to simulate the in vivo nerve
response. The experiments reported here demonstrate that rat cortical neurons will attach to the
PCL/CultiSpher composite, laminin-coated PCL, and lysine-coated PCL, but not to unmodified
PCL. When the initial concentration of cells used for seeding was higher, the number of cells
attached and the viability of those cells on laminin-coated PCL was comparable to the
PCL/CultiSpher composites. O’Connor et al. immobilized rat cortical cells in collagen gel and
found that the cells can survive for over 21 days, as compared to a stiff agarose gel [86]. Similar
to O’Connor et al., our results suggest that collage within the PCL is important for cell
development and survival. Although others have found that laminin or lysine can be used for
enhancing attachment and survival of other cell types on biomaterials, rat cortical neurons can
also readily attach to collagen matrices [60-62, 96].
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We have also observed that rat cortical cells can extend neurites on the PCL/CultiSpher
composite and laminin-coated PCL. The surface of the collagen-based PCL/CultiSpher
composite or the laminin-coated PCL must provide the necessary molecules for the interaction
between the material surface and the cellular integrins and neural cell adhesion molecules.
Given the role of the extracellular matrix in neuronal development and previous reports on
neuronal cells in collagen matrices [11, 12, 7], and on laminin-coated materials [61, 62, 96], the
visualized neurite outgrowth was anticipated.
Neurite extension on the PCL/CultiSpher composite and on the laminin-coated smooth
surface of PCL appeared to have no direction. With these results, we decided to experiment with
the directionality of neurite outgrowth. By seeding either PC12 cells or rat cortical neurons on
laminin-coated PCL fabricated with 10 micron grooves, we found that neurite extensions were
directed to grow along the patterned grooves. To enhance the stability of the neurite adhesions
the extensions may be growing in the corners of the grooves, as opposed to down the center of
the grooves. Similar studies with rat dorsal root ganglia on laminin-coated poly(lactic acid) or
poly(lactic-co-glycolic acid) resulted in similar directional growth [62, 70, 73]. Given our results
with both PC12 cells and rat cortical neurons on laminin-coated grooved PCL, further studies
will be done with grooved PCL/CultiSpher composites.
Rat cortical neurons have comparable levels of attachment, percentages of viability, and
can extend neurites on laminin-coated PCL and PCL/CultiSpher composites. Also, neurite
extension is directly influenced by grooves in the PCL. Together, the biochemical and physical
cues of grooved PCL/CultiSpher composite material may provide an environment that stimulates
optimal nerve regeneration. We are continuing to evaluate the mechanical handling properties of
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the material [97] and fabricating multi-component PCL conduits for in vivo evaluation as
potential nerve guides.
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Chapter 2 Figures

Cells/mm2

% Viability

122* ± 25

45* ± 1

Laminin-coated PCL

38 ± 6

7±6

PCL

17 ± 5

2±2

Type of Material
PCL/CultiSpher composite

Table 2. Rat cortical neuron attachment and viability on the
PCL/CultiSpher composite, laminin-coated PCL and PCL.
Rat cortical neurons were seeded on varying types of PCL for 5 days.
4.3x105 cells were seeded onto disks of the PCL/CultiSpher composite,
laminin-coated PCL and PCL. Cell attachment to the material was analyzed
on the fifth day by counting DAPI-stained nuclei on five random fields on
three replicate disks for each experiment. Shown is the average of three
independent experiments and the standard error of the mean. Cell viability
was determined by Live/Dead Viability/Cytotoxicity staining five days after
seeding. Percent viability was assessed by counting live and dead cells on
five random fields on three replicate disks for each experiment. Shown is
the average of three independent experiments and the standard error of the
mean. Cell attachment (p<0.05) and viability (p<0.01) were statistically
significant (*) for PCL/CultiSpher composites as compared to laminincoated PCL and PCL (as determined by ANOVA and a post hoc Tukey HSD
test).
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Cells/mm2

% Viability

PCL/CultiSpher composite

104 ± 18

45* ± 3

Laminin-coated PCL

105 ± 40

32* ± 5

69 ± 9

8±4

Type of Material

Lysine-coated PCL

Table 3. Rat cortical neuron attachment and viability on
PCL/CultiSpher composite, laminin-coated PCL and lysine-coated PCL.
Rat cortical neurons were seeded on varying types of PCL for 5 days.
1.3x106 cells were seeded onto disks of PCL/CultiSpher composites,
laminin-coated PCL and lysine coated PCL. Cell attachment to the material
was analyzed on the fifth day by counting DAPI-stained nuclei on five
random fields on three replicate disks for each experiment. Shown is the
average of three independent experiments and the standard error of the mean.
Cell viability was determined by Live/Dead Viability/Cytotoxicity staining
five days after seeding. Percent viability was assessed by counting live and
dead cells on five random fields on three replicate disks for each experiment.
Shown is the average of three independent experiments and the standard
error of the mean. There is no statistical difference (p=0.56) between the 3
types of material for cells/mm2, however the percent viability is significantly
increased (*) for both PCL/CultiSpher composites (p<0.01) and laminincoated PCL (p<0.05) as compared to lysine-coated PCL (as determined by
ANOVA and a post hoc Tukey HSD test).
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PCL/ CultiSpher composite

PCL/ CultiSpher composite

A

B

C

D

Laminin-coated PCL

PCL alone
Non-coated
PCL

Figure 7. Neurite outgrowth of rat cortical neurons on PCL.
After 5 days in culture, rat cortical neurons can extend neurites on the PCL/CultiSpher
composite (A, B). Those cells on laminin-coated PCL also extend neurites after day 5 (C)
however, without a coating on the PCL, rat cortical neurons do not extend neurites (D).
Cells were stained with Live/Dead Viability/Cytotoxicity stain or DAPI/FITC-phalloidin
and visualized with fluorescent microscopy. White arrows indicate neurite outgrowth.
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A

50mm

B

C

Figure 8. Scanning electron microscopy of grooved PCL.
PCL fabricated with 10 micron groove width, height, and depth (A). Grooves of 100 micron
width, height, and depth can be created using different molds (B). Definitive grooves can be
seen in a cross-sectional view of the100 micron grooved PCL, with grooves slightly smaller
than 100 microns as a result of rolling the material (C). Visualized with scanning electron
microscopy. Fabrication and images were supplied by Jennifer Bennett, University of
Pittsburgh.
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Figure 9. PC12 cell differentiation on PCL with 10 micron grooves.
PC12 cells on laminin-coated grooved PCL extend neurites after treatment with NGF (day
8). Masses of cells attach to laminin-coated PCL, with less populated areas showing
neurite extension in the grooves (A). At a higher magnification, neurites can be observed
in individual grooves (B). Cells were stained with DAPI, counterstained with FITCphalloidin, and visualized with fluorescent microscopy.
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Figure 10. Rat cortical neuron outgrowth on PCL with 10 micron grooves.
After 5 days in culture, rat cortical neurons extend neurites on laminin-coated
grooved PCL. Neurites extend from small clusters of cells into individual grooves
(A). Single neurite extensions are observed under high magnification (B). Cells
were stained with Live/Dead Viability/Cytotoxicity and visualized with
fluorescent microscopy.
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CONCLUSIONS
Every year thousands of people require treatment for nerve damage. The limitations of
the current practices of suturing, autografts, and allografts demand the development of new
approaches for treatment. Tissue engineers are currently responding to this need by developing
nerve guides to serve as conduits in the regeneration of injured nerves. We have evaluated the
use of poly(caprolactone) (PCL) and collagenous microcarriers, CultiSphers, for use in nerve
guides.
Rat pheochromocytoma (PC12) cells were used in preliminary in vitro studies to
determine if PCL or CultiSphers would support neuron-like cells. Whereas PCL without laminin
did not support the growth of PC12 cells, PCL coated with laminin and the collagen-based
CultiSphers both provide a substrate for the cells to attach, proliferate and differentiate. The
matrix molecules, laminin and collagen, allow for cellular adhesion and migration, thereby
presenting environments that are conducive for cell function. Unfortunately, neither PCL (due to
rigidity and lack of cellular compatibility) nor CultiSphers (due to low efficiency for cell
attachment) are individually attractive biomaterials for the fabrication of nerve guides. A
composite material of poly(caprolactone) and CultiSphers, however provides useful biochemical
and physical properties for nerve guide fabrication.
The PCL/CultiSpher composite has superior handling properties, increased porosity,
increased flexibility, and a degradation rate that is favorable for nerve regeneration [97]. The
biochemical adhesion properties of the PCL/CultiSpher composite on neuronal cells were
analyzed by testing the attachment and proliferation of PC12 cells onto composite disks.
Following the observation that PC12 cells can readily attach and proliferate on the
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PCL/CultiSpher composite, subsequent experimentation with rat cortical neurons resulted in
similar observations. Further, the PCL/CultiSpher composite supports neurite extension from rat
cortical neurons.
In conjunction with the assessment of the biochemical influences on neuronal cell growth
and differentiation, we evaluated the effect of physical cues on attachment and differentiation.
By fabricating 10 and 100 micron grooved PCL, we were able to analyze the influence of
physical channels on neurite extension. From these studies it was observed that neurites
extending from PC12 cells or rat cortical cells grow directionally within the grooved surface.
Experimentation with PC12 cells and rat cortical neurons has lead to the development of
a novel material for nerve guide fabrication. While CultiSphers and PCL individually may not
be ideal materials, the PCL/CultiSpher composite readily supports cellular attachment,
proliferation and differentiation. Additionally, physical patterning of PCL can influence the
directionality of neurite outgrowth. Ultimately, a multicomponent nerve guide of grooved,
PCL/CultiSpher composite material may provide the ideal environment for nerve regeneration.
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FUTURE DIRECTIONS
There remains a significant body of research to be conducted to determine the potential of
poly(caprolactone) and collagenous microcarriers in nerve repair. Collagen microcarriers and
laminin coating influence the attachment and viability of neural cells on PCL. While we have
seen a change in the cellular response and the mechanical properties of PCL when macroporous
collagen microcarriers, (CultiSphers) are added to material, we have not yet studied the effect of
coating the PCL surface with collagen. Further analysis involving collagen may strengthen the
evidence that incorporating CultiSphers into PCL is useful due to the biochemical component of
the composite material, in addition to the improved mechanical characteristics.
Extracellular matrix molecules and grooves have modified PCL for cellular attachment
and directional neurite growth. The inclusion of growth factors in the PCL guides may further
enhance nerve regeneration by stimulating the growth of axons. Previous research by the Marra
lab [102] and others [46, 103, 104], indicates that growth factors encapsulated in biodegradable
microspheres can be incorporated into various biomaterial scaffolds as drug delivery systems.
As the microspheres degrade, they slowly release the growth factor and create a molecular
gradient for weeks to months [93]. The controlled placement of such growth factor-containing
microspheres in one end of our novel nerve conduit could stimulate the directional extension of
neurites.
Following the completion of the surface studies on the modifications of PCL for neurite
outgrowth, three-dimensional single and multiple channeled guides have been fabricated and will
be analyzed in vitro. As observed by others [36, 93], the multiple channels are expected to
provide more surface area than single channeled guides for cell adherence and migration, and
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can result in better nerve regeneration [30]. To visualize the stained neurite outgrowths within
these material guides, fluorescent and confocal microscopy can be employed.
In vivo assessment of our novel guides should be a concluding, yet pre-clinical, step in
our investigation. By implanting the guide into a transected nerve wound in a rat sciatic nerve
model [3, 8, 46, 105] and allowing the guide to provide the necessary physical and chemical
stimuli for several weeks, we could evaluate if the guide was beneficial for nerve regeneration.
If proven useful, our multi-component guide (with CultiSphers, grooves, microspheres of growth
factors, and multiple channels) may be used in nerve tissue engineering.

© Copyright 2003
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APPENDIX A - METHODS
Cell Culture
PC12 cells.
The rat pheochromocytoma cell line, PC12, was purchased from ATCC (CRL-1721), and
cells were cultured at 37oC with 5% CO2 and 90% humidity in T-75 tissue culture flasks
(Corning 430641). Cells were maintained in 10ml volume of DMEM high glucose medium
(Gibco 11995-065) supplemented with 15% horse serum and 5% calf serum (PC12 media).
Feeding of cells consisted of the removal of media by aspiration, followed by the addition of
10ml fresh, room temperature PC12 media.
PC12 cells were passaged when sub-confluent (approximately 80% confluent). The
media was aspirated from the T-75 flask, and 9ml of PC12 media was added. Cells were
triturated 15 times to release adherent cells. From the cell suspension, 3ml of cells were added to
new T-75 flasks, each containing 10ml of PC12 media. Cells used for evaluations were from
passages 5 to 15.
Rat cortical neurons.
Pairs of embryonic day 18 Sprague/Dawley rat cortices were purchased from BrainBits,
Southern

Illinois

University

School

of

Medicine

(Brain

Bits

CX2,

www.siumed.edu/brainbits/main.html). From the stock container, 1ml of Hibernate storage
media was removed, the brain tissue was triturated with a 1000ml pipette tip, and the 1ml of
media was added back to the cells. The large undispersed pieces were allowed to settle, and the
supernatant was transferred to a new sterile tube. The cells were then centrifuged at 1100rpm for
one minute. After discarding the supernatant of Hibernate media, the pellet was resuspended in
15 or 30ml of B27/Neurobasal media (B27, Invitrogen 17504-044; Neurobasal, Invitrogen
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21103-049) with 0.5mM glutamine (gln) (Invitrogen 25030-149) and 25mM glutamate (Sigma
G1251). The rat cortical cells were placed in culture with biomaterial and fed after three days
with B27/Neurobasal with 0.5mM gln. To feed the cells, 500ml of media was removed from
each well and replaced with 500ml of B27/Neurobasal media with 0.5mM gln.
Differentiation media.
Differentiation-inducing medium for inducing PC12 cell neurite outgrowth was PC12
growth medium (DMEM, 15% horse serum, 5% calf serum) supplemented with 25ng/ml Nerve
Growth Factor (NGF 2.5S; Gibco 13257-019). Rat cortical neurons differentiated in
B27/Neurobasal with 0.5mM gln, without the additional of exogenous growth factors.

Preparation of Materials
CultiSphers.
CultiSphers Type-GL and CultiSphers Type-G (manufactured by Percell Biolytica,
www.percell.se) were sterilized by autoclaving 5g of CultiSphers in 250ml of phosphatebuffered saline (PBS; Gibco 10010-023). The sterile CultiSphers were then divided in 0.2g
aliquots, and stored at 4°C. Type-G and Type-GL CultiSphers are similar, with Type-GL having
a slightly larger diameter of the pores.
Poly(caprolactone) disks.
Poly(caprolactone) (PCL) scaffolds were prepared as follows. PCL (Aldrich 181609250G) pellets were dissolved in tetrahydrofuran (THF; Fisher T397-1: 10% w/v) and poured into
a circular Teflon mold. The mold was covered with aluminum foil to slow the rate of THF
evaporation. After the THF evaporated, circular disks (diameter=11mm) were cut from the mold
with an 11mm diameter drill bit. Disk were sterilized using a series of two half-hour 70%
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ethanol soaks, followed by two ten minute dH2O soaks. Disks were then allowed to dry in a
laminar flow hood for several hours. Following sterilization disks were stored at room
temperature. PCL disks were coated with mouse laminin (Sigma L-2020) or poly-D-lysine
(Sigma P6407) by applying 150µl of 20µg laminin/ml Tris-buffered saline or 50µg lysine/ml
dH2O to the surface of the disk and incubating for two hours at 37oC. Following incubation,
excess laminin or lysine was removed from the surface with a pipetteman and the disks were
washed with 1ml PBS. Non-coated disks were incubated with Tris-buffered saline for two hours.
Sterile glass coverslips were coated in the same manner for use as positive controls.
PCL/CultiSpher composites.
Sterilized CultiSphers (Type-GL or Type-G) were incorporated in PCL disks.
CultiSphers (47% w/w) were added to the PCL/THF solution (0.71g CultiSphers/ 8ml
PCL/THF). Similar to the fabrication of PCL disks, after THF evaporation, CultiSpherincorporated 11mm diameter disks were cut and sterilized. The “top” of the disk was exposed to
air, while the “bottom” of the disk was against the mold during fabrication.

Prior to

experimentation, disks were conditioned with media for two or five hours at 37oC.
10 and 100 micron grooved PCL.
PCL dissolved in THF (1% w/v) was poured into a mold, with either 10 or 100 micron
grooves (MEMS Exchange, Reston, VA). Following THF evaporation, 5 x 20mm strips of
grooved PCL were cut and sterilized using the same sterilization series as in the PCL disk
sterilization. Samples were stored at room temperature until ready for use. The center of the
grooved strip was coated with laminin, by placing 50µl of 20µg/ml laminin on the middle of a
grooved strip positioned in a 12-well plate. All samples were incubated at 37oC for two hours to
allow laminin coating. Following incubation the laminin was removed from the strip with a
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pippetteman and washed once with 1ml PBS. The negative control disks were incubated with
Tris-buffered saline.

Cell Seeding
CultiSphers in spinner flasks.
A 0.2g aliquot of CultiSphers Type-GL was washed with 10ml of PC12 culture medium
three times to remove storage solution of PBS, resuspended in 10ml of PC12 media and added to
a sterile tissue culture spinner flask (Bellco Glass 1965-00100). PC12 cells were released from
T-flasks by aspirating excess media from the flasks, adding 10ml PC12 media and triturating 1520 times. Cell numbers were counted using a hemacytometer, and added to the spinner flask.
Typical spinner flask cultures contained a volume of 50ml of medium, 1.5 x 107 PC12 cells, and
0.2g of CultiSphers in the spinner flask, with incubation at 37ºC, 5% CO2, and 90% humidity on
a stir plate set to rotate at 15rpm (dynamic culture conditions). For static culture conditions, the
propeller in the spinner flask was raised to prevent agitation.
Two days after seeding of PC12 cells on CultiSphers, the entire volume of medium, cells,
and CultiSphers were removed from spinner culture and placed in a new, sterile spinner flask.
CultiSphers were allowed to settle and then washed with 25ml of culture media three times to
remove unattached cells. CultiSphers were then resuspended in 50ml of culture medium. For
cell feeding in spinner cultures, every three days the spinner flask was removed from the stir
plate, the CultiSphers were allowed to settle, and half of the medium was removed and replaced
with fresh PC12 cell medium. Three 1ml samples of CultiSphers were taken for each treatment
group as needed, and stained for visual analysis.
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Seeding of CultiSphers with varying cell concentrations.
Aliquots of 0.2g of CultiSphers Type-GL were washed with 10ml media three times and
resuspended in 20ml of PC12 media. To the wells of 12-well plates, 1ml of CultiSphers (0.01g)
and media were added. PC12 cells were released from T-flasks by adding 5ml media to cells,
then collecting that 5ml in a 50ml conical tube. This was repeated to assure all cells had been
removed from the flasks. The conical tube was then centrifuged at 1.9rpm for 1.3 minutes. The
supernatant was removed and the resulting cell pellet was resuspended with media and brought
to a concentration of 8.4x105 cells/ml. Two-fold serial dilutions were conducted to produce a
total series of 6 concentrations of PC12 cells. From each concentration of cells 2.5ml aliquots
were added to three wells of the 12-well plates. Plates thereby containing three replicates of the
6 concentrations of PC12 cells, each with 0.01g of CultiSphers, were incubated at 37ºC, 5% CO2,
and 90% humidity. Three 1ml samples were taken on days 0, 1, and 3, washed with PBS, and
stained.
Differentiation on CultiSphers.
Similar to the protocol for seeding CultiSphers in varying concentrations, aliquots of 0.2g
of CultiSphers Type-GL were washed three times with PC12 media, resuspended in 20ml of
media, and distributed as 1ml samples of CultiSphers (0.01g) to the wells of 12-well plates.
PC12 cells were triturated from a T-flask and brought to a concentration of 3.0x105 cells/ml. To
each well, 1ml of cells was added to the 1ml of 0.01g CultiSphers Type-GL. After two days,
CultiSphers were washed of unattached cells three times, by removing 1ml of media and adding
1ml of PC12 media back into the wells. Following washes, PC12 cells on CultiSphers were fed
with 1ml of differentiation media (PC12 media + 25ng/ml NGF). Differentiation media was
replaced every two days and three 1ml samples were taken on day 9 (seven days after inducing
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differentiation), washed and stained. Negative controls were fed with PC12 media, as opposed
to differentiation media.
Poly(caprolactone) and PCL/CultiSpher composite.
Sterile disks with laminin-coating, lysine-coating, non-coated, or PCL/CultiSpher
composites were adhered “top” side up to wells of 12-well plates using sterile silicone vacuum
grease. Disks were consequently seeded with either PC12 cells or rat cortical neurons. For the
PC12 cells, cells were triturated from T-flasks and counted with a hemacytometer. At a
concentration of approximately 3.7x105 cells/ml, 1ml aliquots of cells were added to each well.
Rat cortical neurons were prepared by triturating, centrifuging and resuspending cells with 15 or
30ml of media as per the protocol stated previously. The cellular concentration was then
determined using a hemacytometer. At a concentration of approximately 1.3x106 or 4.3x105
cells/ml, 1ml aliquots of rat cortical neurons were added to each disk. For both cell types, disks
incubated with medium only were used as a negative control, while cells in the area surrounding
the disks represented the positive control. Plates were incubated at 37ºC, 5% CO2, and 90%
humidity.
Unattached PC12 cells were washed away after two days of initial seeding. All media in
the well was aspirated, and three washes with 1ml of fresh PC12 media were carried out. The
PC12 cells attached to the disks were then supplied with 1ml of new media and returned to the
incubator. Media was refreshed three to four days. Three samples for each treatment group were
washed and stained as needed. When assessing differentiation, cells that had attached and
proliferated on PCL disks were then treated with 1ml PC12 differentiation media every three
days. Using three replicates of each treatment, samples were removed and stained after seven
days of differentiation.
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To allow rat cortical neuron attachment, the disks initially seeded with these cells were
not washed of unattached cells. In accordance of the Brain Bits protocol, rat cortical neurons
were merely fed after three days of seeding. In each well 500ml of media was removed, and
500ml of B27/Neurobasal with 0.5mM gln media was added. All samples with rat cortical
neurons were taken after five days of attachment, with each treatment having three replicate
samples.
Grooved PCL.
Silicone vacuum grease was used to attach strips of grooved PCL to 12-well plates. To
seed with PC12 cells, cells were triturated from T-flasks and counted with a hemacytometer. At
a concentration of 1.8x105 cells/ml, 1ml aliquots of PC12 cells were added to the wells with the
grooved strips. After two days, strips were washed three times with 1ml of PC12 media, and
subsequently incubated with 1ml of PC12 differentiation media (PC12 media + 25ng/ml NGF).
The differentiation media was exchanged every three days. After eight days of PC12 cell
differentiation, strips were removed and stained. For rat cortical neuron seeding, 1ml aliquots of
3.9x105 rat cortical cells/ml were added to wells containing grooved strips. These cells were fed
after three days, then stained and visualized on the fifth day. Media-only controls and cell-only
controls were used.
Cell Biology Methods
DAPI and FITC-phalloidin staining.
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI; Sigma D-8417; 0.6 mg/ml in
PBS) was used to stain the nuclei of cells attached to CulitSphers, PCL disks, PCL/CultiSpher
composite disks, and grooved PCL, while FITC-phalloidin (Sigma P-5282, 0.1µg/ml in PBS)
was used to counterstain the actin cytoskeleton of the cells. For CultiSpher experimentation
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three one-ml samples were removed from the spinner flask or wells of 12-well plates, washed
and stained. For the PCL and PCL/CultiSpher composite disks, single disks were removed from
well plates, cut in half, and each half disk was placed in a new well plate, washed and stained.
For the grooved PCL, strips were removed, washed and stained.
All samples were washed three times in PBS before fixing for 10 min at room
temperature with 4% paraformaldehyde in PBS. Following fixation, samples were washed three
times with 1ml PBS and stained with FITC-phalloidin for fifteen minutes. Samples were washed
another three times with 1ml PBS and stained with DAPI for ten minutes at room temperature.
Samples were then washed three more times with 1ml PBS and wet mount samples were
prepared using 50% glycerol in PBS. Cell nuclei on the translucent CultiSphers and on the
surface of the PCL disks were counted via inspection by fluorescent microscopy. For each
CultiSpher sample, 50 CultiSphers were examined, and the number of cells attached to each
CultiSpher, along with the percentage of CultiSphers containing at least one cell (seeding
efficiency), was determined.

On each replicate PCL disk, five or ten random areas were

analyzed for cell attachment and proliferation by counting the total number of cells per area and
calculating the number of cells/mm2. From three disks, the average number of cells/mm2 and
standard error of the mean were then calculated. The presence of DAPI-stained cell nuclei on
grooved PCL strips was qualitatively evaluated. Neurite outgrowth was assessed on all
differentiated cell samples by FITC-phalloidin staining of the actin cytoskeleton using
fluorescent microscopy (Nikon Eclipse microscope fitted with a Diagnostics Instruments, Inc.
digital camera [model 2.3.1] with image capture using QED Camera Standalone imaging
software [v1.6a30]).
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Cell Viability.
The Live/Dead Viability/Cytotoxicity Assay Kit (Molecular Probes, L-3224) was used to
evaluate the presence of live and dead cells on PCL disks and grooved PCL strips. All samples
were washed three times with 1ml PBS, and the cells were stained with approximately 1ml of the
Live/Dead working solution. As directed by the supplier, the Live/Dead working solution
contained 2mM calcein AM for live cells and 4mM Ethidium homodimer-1 (EthD-1) for dead
cells. Samples were stained for approximately thirty minutes, followed by three washes with
1ml PBS. Wet mount slides were then prepared using PBS. On each disk half, five random
areas were assessed for viability by calculating the total percentage of live and dead cells
visualized by fluorescent microscopy. Neurite outgrowth was assessed on both PCL disks and
grooved PCL strips by calcein staining of the cellular extensions, and visualization using
fluorescent microscopy.

Scanning Electron Microscopy.
PCL/CultiSpher composite disks and Grooved PCL strips.
Specimens of PCL/CultiSpher composite disks and grooved PCL strips were mounted,
gold-coated, and viewed with a Hitachi 2460 scanning electron microscope at an accelerating
voltage of 3kV, and digital images were captured at varying magnifications.
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Statistics
Results are expressed as means ± standard error of the mean. Unpaired two-tailed
T-tests were used for pairwise comparisons (as indicated). Comparisons of means representing
multiple measurements over time were analyzed using repeated-measures analysis of variance
(ANOVA) and least squares deviation. Post hoc analyses were performed using the Tukey HSD
test. The threshold for statistical significance was set at p £ 0.05.
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